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Abstract 
Hybrid ion exchange technology has been applied in many environmental aspects nowadays due 
to its high treatment efficiency, reusability, customizable selectivity, operational stability, and low 
cost. Under certain circumstances, ion exchange technology is a favorable substitute for traditional 
treatment process, and its applications in industries are continually growing. 
Water hardness is a concern for many industrial and municipal unit operations, which could result 
in surface scaling of heat transfer equipment or membranes. Sodium exchange softening, although 
commonly used, has caused serious pollution to local ecological and water environments due to its 
discharge of high salinity spent regenerant. Many arid areas are banning such softening processes 
as a result of the detection of increasing salinity in local water resources. The additional sodium ion 
introduced into the softened water also induces a health concern when the water is used for drinking 
or cooking. A more efficient hardness removal technology that does not add sodium ions to treated 
water is urgently inquired. Al3+ is an optimal regenerant considering its higher affinity to cation 
exchangers than calcium and magnesium at most water conditions. Furthermore, Al3+ will 
precipitate during the service cycle thus eliminating the addition of sodium or aluminum to the 
effluent. Experimental results indicated that calcium is persistently removed for multiple cycles 
using a stoichiometric amount of aluminum chloride as the regenerant. The process operates at 
nearly 100% thermodynamic efficiency, where one equivalent of Al3+ was consumed to remove one 
equivalent of Ca2+. Nevertheless, partial desalination is attained during hardness removal. The 
hardness removal capacity of the aluminum cycle process is slightly reduced from 1.4 meq/g to 1.2 
meq/g compared with the sodium cycle process. However, at steady state, other contaminants, 
namely fluoride, phosphate, and silica, could be simultaneously removed as a consequence of 
Lewis acid and base reactions. It is noteworthy that the major components and setup are nearly 
the same as a traditional sodium cycle softening process, which eradicates the major difficulty to 
retrofit continuing softening systems. 
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Wastewater produced from Marcellus Shale activities and acid mine drainage (AMD) are two major 
concerns of Pennsylvania for their environmental impact on surface and groundwater resources, 
aqueous ecosystems, and human health. Reuse of flowback and produced water represents one 
of the innovative technologies which could significantly reduce the environmental impacts of the 
activity. However, about 20% of injected water will return to the surface with high salinity1. Both 
treatment techniques and makeup water resources are needed to fulfill this goal. Acid mine 
drainage (AMD) water, which is available in the vicinity of shale gas wells, could be utilized to 
alleviate the fresh water demand, reduce environmental impacts for both flowback and AMD, cut 
down the cost for transportation and leakage risk, trim the greenhouse gas emissions2, and diminish 
the cost and impact for wastewater treatment. Several researchers already inspected this possible 
technology genuinely. However, some issues remain unresolved such as the demand for large 
volume reactors and stirrers, long hydraulic retention time (HRT), haphazardly mixing, and 
uncertain mixing ratios. Radium, barium, and strontium, which induce precipitation on the piping 
and are regulated in water resources, are major concerns for either recycle or final disposal of 
flowback water. To remove these divalent ions, the addition of sulfate salt or mixing with sulfate-
containing water are two widely studied processes. Huge amounts of salt addition could cause a 
TDS increase and a removal efficiency decrease. On the other hand, directly mixing with AMD 
water will cause significant volume increase of treated water. Ion exchange technology, which can 
selectively exchange sulfate with chloride, is an ideal process to treat flowback water without a TDS 
and final volume increase. Experimental data demonstrates that such technology can use sulfate 
ions in acid-mine drainage to treat Marcellus flow back waste water to remove radium, barium and 
strontium and without increasing the volume of waste water or adding excess sodium. Over 200 
bed volumes of AMD water is treated and the effluent sulfate concentration is lower than 100 ppm, 
which is an ideal fresh water resource for hydrofracking. Moreover, there are no additional 
chemicals needed for such ion exchange processes to treat flowback water with AMD. Radium, 
barium, and strontium are removed over 90% in the treated flowback without any volume increase. 
The treated solids after evaporation are suitable for landfill disposal. Compared with current 
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technology used at a flowback treatment factory, the reactor volume is reduced from 100 m3 to 
about 5 m3 to achieve the same treatment capacity. 
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Chapter 1. Introduction 
1.1 Hybrid Ion Exchange Technology 
As water resources are rapidly being exhausted, more and more interest is paid to wastewater 
treatment and recycle processes. Current desalination methods, namely, reverse osmosis (RO), 
and thermal processes, require large amounts of energy which is costly both in environmental 
pollution and economic impact3–7. However, for most of the water resources, only a very limited 
portion of pollutants, such as arsenic, fluoride, phosphate, and nitrate, need to be removed. 
For water resources with low salinity (less than 3000 ppm), a traditional desalination process is not 
applicable due to high energy consumption and low water recovery8–15. Over 30% of water will be 
drained into sewage as a concentrated liquid. Nevertheless, such a technique is not capable of 
high TDS (over 100,000 ppm) water due to its high osmotic pressure that it has to overcome. 
It is easier for hybrid ion exchange technology to find its niche due to its tunable selectivity, broad 
applicability, accessibility and inexpensive operation16–23. Ion exchange technology can be a 
satisfying replacement for RO accordingly, or even treat/reuse the wastewater which RO cannot 
handle. 
This study focuses on using novel hybrid ion exchange technology to: 1) mitigate the water 
hardness problem in arid areas where the traditional SAC-Na process is not applicable; 2) offer an 
environmental friendly process for shale gas development and flowback treatment where RO is not 
felicitous. 
1.2 Hardness Removal Technology 
Water hardness, defined as the sum of all polyvalent cations in water, is one of the banes of industry 
due to the formation of scale. Scale narrows pipes, blocks jets and is expensive to cleanup. The 
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scale generated in the boiler will affect heat transfer and conceivably leads to explosions. Mineral 
compounds in the water, such as calcium and magnesium, form these deposits when they 
precipitate out of the water, lining pipes with the furry deposits which can be seen in any kettle. 
Calcite is one of the main culprits of scale. It is the most common form of calcium carbonate 
occurring naturally as an essential ingredient of limestone, marble and chalk. Water passing over 
such rocks dissolves calcite, which may then form a stony scale inside pipes and tanks. Rock-like 
deposits appear on boiler walls and tubes when water heats up or evaporates. The problem 
increases as water temperature increases. Water with 145 parts per million (ppm) of calcite flowing 
at 5000 liters per day, can produce 4.8 kilograms of scale each year at 60˚C. At 80˚C, it produces 
over 29.9 kilograms24–32. To our knowledge, 1 mm of lime scale in the pipe will raise the 
transportation energy cost by 11%33–37. 
Water hardness also inhibits the interaction between detergent and dirt thus impeding laundry 
efficiency. Precipitation formed with calcium and fatty acids in soap also leaves residuals after the 
laundry process. 
Nevertheless, excessive amounts of calcium intake can raise health problems. In drinking water, 
hardness may give clues to an influence affecting death rates from hypertension and 
atherosclerosis, as well as possibly a few other chronic disorders38,39. 
Figure 1.1 shows the water hardness map of the United States. Most states have water hardness 
over 100 ppm, which represents high hardness water. 
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Figure 1.1 A water hardness map of the United States from USGS40. 
1.2.1 Lime and Soda-Ash Softening Process 
Hardness in water can be removed by several water treatment processes including ion exchange, 
membrane separation, and chemical precipitation41–55. Chemical precipitation, the most widely 
used softening treatment involves raising the pH of the water so that the solubility products of 
calcium carbonate [CaCO3(s)] and often magnesium hydroxide [Mg(OH)2(s)] are exceeded. 
Hardness removal is usually accomplished by adding a base such as caustic soda (NaOH), soda 
ash (Na2CO3), or most commonly lime (CaO): 
   → 	 

  2  	 → 2	  2 
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It is noteworthy that lime alone can only remove calcium carbonate, or temporary hardness. If 
permanent hardness dominants the total hardness, soda ash is also needed. 
Such a process has several limitations: 1) the crystallization of calcium carbonate is triggered by 
nucleation, which is the transfer of a supersaturated solution into solid phase, and the lack of seeds 
can significantly prolong the precipitation process56–59; 2) the removal efficiency is highly dependent 
on the solubility products of calcium carbonate and magnesium hydroxide, and thereby only partial 
hardness can be removed; 3) a large amount of sludge is produced during lime softening which is 
difficult and costly to treat or dispose (Figure 1.2); 4) large flocculation and settling tanks are 
needed for separation of solids and treated water. 
 
Figure 1.2 Dewatering lime sludge after 3 month of storage60. 
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Due to the above limitations, the lime softening process is inefficient or inappropriate for certain 
cases, where the calcium standard is strictly regulated, or space is not granted for large tanks and 
mixers. 
1.2.2 SAC-Na Softening Process 
In cation exchange softening, a polymeric strong acid cation exchange resin in Na-form (SAC-Na) 
replaces one equivalent of hardness (i.e., Ca2+) with one equivalent of Na+ in accordance with the 
following reaction: 
2 − 	
  
 →  − 	
  2
 
Thus, the sodium content of the treated water is always higher than in the feed, which poses a 
health concern when used for drinking or cooking, especially for the growing population with 
hypertension61–69. Concentrated brine (5−12% w/v) is used to regenerate the exhausted cation 
exchange resin back to Na-form, in accordance with the following reaction (where n = 6 to 12): 
 − 	
   → 2 − 	
  
   − 2	
   
The excessive NaCl in the spent regenerant poses great concerns especially in drought-prone 
regions70– 75. Brine dumped into the sewage system after softener regeneration has significantly 
increased local water TDS and consequently being banned in California in 201276.  
From the point of view of sustainability, continuing use of such softening processes will not only 
cause environmental pollution, but also cause a waste of resources and energy consumption. 
1.2.3 Sodium-Free Approaches and Alternatives 
Thermal Regeneration has been vastly investigated, however, its low capacity versus commercial 
ion exchanger and failure of scale-up make it impossible for real world application77–82. Weak acid 
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cation exchangers could be an alternative solution for the softening process. However, the mineral 
acid used for regeneration poses environmental hazards during transportation and utilization83. 
Membrane processes have been widely applied for contaminant removal, but the high construction 
and operation cost make it implausible to use in small factories84–90. Electrocoagulation and 
electrodialysis has been studied for hardness removal91–96. The hardness removal capacity is 
limited while calcium precipitation formed on the electrodes which is difficult to clean up. Capacitive 
deionization (CDI) is an attractive technology for hardness removal consuming relatively small 
energy, but technical immaturity makes it difficult to be scaled up for real world applications97–99. 
1.3 Marcellus Shale Gas 
Natural gas plays an important role to achieve the energy demand all over the world2,100–141. This 
energy resource was widely used due to its widespread availability, ease of transport, high 
efficiency, and relatively clean energy source. Natural gas occupies 28%142 of the source for 
electricity generation and keeps increasing in the United States. 
When compared with coal as an energy resource, natural gas combustion yields less pollutants 
and greenhouse gas emissions for an equivalent amount of power generation138. 
Current technology makes unconventional natural gas resources, namely, tight sands, shales, and 
coalbed, available for exploration and development143–168. Among those resources, shale gas is 
projected to be the largest source for natural gas and has been proved to be a similar situation for 
many other countries (Figure 1.3). 
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Figure 1.3 A map of worldwide shale gas distribution provided by US EIA 2011169. 
Figure 1.4 illustrates the locations of shale gas in the United States. Relatively reliable delivery 
systems and large storage of natural gas make it a favorable energy resource. The high efficiency 
of natural gas combustion also makes it environmental friendly. When compared with coal burning, 
it emits about half of the carbon dioxide (CO2), and much less sulfur dioxide (SO2), nitrogen oxide 
(NOx), and carbon monoxide (CO)1. 
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Figure 1.4 Shale basins in the United States1. 
From the EIA report170, the dry natural gas production increased by about 35% from 2005 to 2013. 
The percentage of natural gas consumption of the whole energy consumption rises from 23% to 
28%, in which, shale gas plays an important role. The natural gas production from the lower 48 
states will increase 73% from the prediction171–176. 
Unlike conventional natural gas, unconventional natural gas is entrapped in low-permeability 
reservoirs such as tight sand, coalbed, and shales (Figure 1.5). Of these, shale gas is the largest 
storage whose reservoir consists of fine-grained clay and rock. The major component of shale gas 
is methane (over 90%), however, the compositions are different depending on location and 
formation of the shale177. 
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Figure 1.5 A comparison between conventional and unconventional natural gas formation178. 
1.3.1 Total Storage 
The Marcellus Shale is one of the largest shale gas deposits covering New York, Virginia, Ohio, 
Pennsylvania, and West Virginia (Figure 1.6). The estimated natural gas storage in the reservoir 
is about 500 trillion cubic feet (TCF)178. 
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Figure 1.6 Map of active conventional and unconventional natural gas wells in the area of Marcellus 
Shale. 
Shale gas formations including Barnett Shale, Haynesville Shale, Antrim Shale, Fayetteville Shale, 
New Albany Shale, and Marcellus Shale contain abundant natural gas. Estimation shows that the 
total recoverable natural gas from all the gas formations around the US is about 1,744 trillion cubic 
feet (TCF). With 19.3 TCF consumed annually, the storage of natural gas in shale formations could 
supply the country for more than 90 years1. 
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1.3.2 Development 
The development of natural gas from low-permeability reservoirs was enabled by new drilling and 
well-completion techniques including horizontal drilling and hydraulic fracturing. The technique was 
first studied in 1929 but became relatively mature in the 1990s167,179–185. 
Horizontal drilling enabled to conform with the formation to one vertical well and extract natural gas 
from tens to hundreds of meters across. It greatly reduces the surface disturbance by reducing the 
number of vertical wells. The capacity of each horizontal well is similar to that of 3-4 vertical wells. 
During the procedure, the protection of sensitive ecosystems or habitats becomes a major 
challenge1. 
However, horizontal drilling alone will not make the unconventional natural gas extraction happen 
as the low permeability of the reservoir will not achieve an economical flow rate. Thus another 
technique named hydraulic fracturing was developed in order to open the existing fractures or 
initiate new ones186. A fracking fluid consisting of water mixed with fracking chemicals such as 
proppants, friction reducers, scaling inhibitors, and biocides, is injected into the well under high 
pressure (480-850 bar) to overcome the rock’s tensile strength and other additional tectonic 
forces187. During the lifetime of each well, fracking could be conducted several times if necessary. 
The mixture of chemical modifiers was applied for each well according to their own 
characteristics188. The proppants, such as quartz sand and ceramic material, usually represents 
about 9% by mass of the fracking fluid189, and is used to keep the fractures open after the pump is 
stopped. Acid is also added to dissolve scales and clean the wellbore area. Organic polymers are 
used as friction reducers for lowering the energy cost. Scale inhibitors are added to prevent scaling 
which could block the gas flow. Biocides are also added for inhibition of bacteria growth. 
Sometimes, surfactants are also added to reduce the surface tension of the fluids thus they are 
easily recovered. It is worth noting that only some of the chemicals are added during operation. 
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Although nonaqueous systems, such as CO2142 as a fracking gas, have been used and researched, 
water-based fracturing fluid is still most common applied. 
 
1.3.3 Fresh Water Usage 
Water usage includes water used for drilling and fracking. During drilling, a large amount of water 
(300-380 m3) is used for cooling the bit and carrying the mud190–196. During fracking, fresh water is 
used as the carry fluid for proppants and other fracking chemicals. About 7,000-26,000 m3 of water 
used for each horizontal well depend on the depth and permeability of the formation1,110,178,197–200. 
Figure 1.7 shows the average depth of different locations in Marcellus region. 
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Figure 1.7 The average depth of Marcellus shale base. 
Operators often use water resources from nearby surface water or groundwater201. The huge water 
consumption draws a lot of concerns especially in drought-prone areas202–207. 
During the flowback period, about 10-50% of the fracking fluid returns to the surface139,140,188,195,208–
211
. Once natural gas production begins, more fluid will come back to the surface as produced 
water. There is only about 2-8 m3/day of produced water coming along with natural gas production. 
The flowback water production is much less on a volumetric basis, however, it draws more concerns 
to the environment212. Table 1.1 shows the analysis of some common constituents in flowback 
water from the Marcellus Shale formation. The flowback was always impounded at the site for 
disposal, treatment, or reuse142. 
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Table 1.1 An analysis of typical chemicals detected in flowback. 
Constituent Low (mg/L) High (mg/L) 
Total dissolved solids 66,000 275,000 
Total suspended solids 27 3,200 
Hardness (as CaCO3) 9,100 55,000 
Alkalinity (as CaCO3) 200 1,500 
Chloride 32,000 155,000 
Sulfate ND 500 
Sodium 18,000 55,000 
Calcium, total 3,000 31,000 
Strontium, total 1,400 6,800 
Barium, total 2,300 17,500 
Bromide 720 1,600 
Iron, total 25 55 
Manganese, total 3 7 
Oil and grease 10 260 
Total radioactivity (pCi/L) ND 10,500 
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1.3.4 Wastewater Management 
The flowback period lasts for days to weeks due to the geology and characteristics of the 
formation198. The highest flow rate could reach 1000 m3/day but only last for the first several days. 
However, even a small amount of leakage of such fluid could cause damage to domestic 
ecosystems and water environments. Growing concerns from the public require more and more 
attention and research into this area213. 
Common treatment techniques and disposal methods include deep well injection214–218, wastewater 
treatment plant dilution, reverse osmosis (RO), forward osmosis (FO)219–222, thermal distillation and 
crystallization, and on-site reuse were proposed and studied1,106,178,223,224. 
 
1.4 Acid Mine Drainage 
Acid mine drainage (AMD) caused by mining activities is drawing public attention due to its long-
term impairment to both surface and ground water systems and ecosystems. Moreover, some toxic 
substances, which have been detected in AMD streams, could pose severe risks to human health 
and ecological diversity225. 
The formation of AMD occurs naturally when sulfide-bearing minerals are exposed to air and water. 
However, human mining activity can accelerate this process simply through increasing the 
exposure. The AMD production can also be promoted by bacteria occurring at the site. 
1.4.1 Formation and Environmental Effects of AMD 
Acid mine drainage (AMD) is also referred to as acid rock drainage because the components and 
concentrations is highly correlated with local rock formations. On the other hand, the availability of 
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air and water varying between different locations makes prediction of AMD formation and 
characterization extremely challenging and costly. AMD can cause severe environmental problems 
to soils, surface and ground water systems due to its acidity, toxicity, and mobility. 
Every AMD stream is unique in terms of its composition, volume, and drainage area, which lead to 
different treatment options from site to site. AMD water, when compared with the standard for 
fracking, is a potential water resource after simple pretreatment to remove sulfate and some metal 
ions. 
Iron sulfides are the most common sulfide minerals along with many types of sulfide salts existing 
in the AMD forming area. These minerals start to form acidic, sulfate-rich drainage once in contact 
with water and oxygen. Sulfate concentrations in AMD depend on the type and amount of sulfide 
salt oxidized, where bacteria also play an important role226–239. 
AMD is usually left untreated due to high cost or inadequate treatment processes (Figure 1.8). The 
acidity of AMD is usually generated by pyrite (FeS2) oxidation: 
2FeS  7O  2HO → 2Fe
  4SO  4H
 
The dissolution of pyrite will increase the TDS and acidity of water, thus lowing the pH of AMD. 
Sufficient contact with oxygen can oxidize ferrous iron to ferric iron, which illustrates a brown color 
for most AMD streams: 
4Fe
  O  4H
 → 4Fe
  2HO 
Ferric iron will partially precipitate as Fe(OH)3. This process will further lower the pH: 
Fe
  3HO → FeOH	 ↓ 3H
 
Fe(III) also performs as an oxidant to further oxidize pyrite in the rock formation: 
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FeS  14Fe
  8HO → 15Fe
  2SO  16H
 
The kinetics study of pyrite oxidation is conducted elsewhere.240 
 
 
Figure 1.8 An acid mine drainage site in Pennsylvania. The volume of AMD water is large enough 
to supply hydraulic fracturing usage or at least reduce water usage pressure. 
The low pH can dissolve rocks thus increasing the TDS of AMD, while AMD is partially neutralized 
by dissolution of rock on its pathway: 
  2
 → 
     ↑ 
Once the mines are eventually closed, water starts to run into the mining area without pumping. It 
is ultimately acidified by pyrite oxidation and flows back to an open environment. In order to 
minimize its environmental impact, either prevention of water pouring into the borehole or impacted 
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water treatment process is necessary. In most cases, AMD is already formed and needs to be 
treated to industrial or agricultural standards. 
1.4.2 Distribution and Location in Pennsylvania 
Figure 1.9 shows the distribution of acid mine drainage in Pennsylvania and West Virginia, where 
rivers and streams are adversely impacted by drainage from abandoned surface and underground 
mines. 
 
Figure 1.9 Acid mine drainage streams in Pennsylvania and West Virginia241. 
The clean-up process in Pennsylvania alone is estimated to cost 5 to 15 billion dollars242–247. 
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1.4.3 Traditional Treatment Procedure 
The most commonly used treatment technology for AMD is addition of lime to neutralize the acidity 
and precipitate metal ions. A high-density sludge (HDS) is formed and settled with the production 
of relatively clear streams. 
The other technology typically applied in AMD treatment is a combined ion exchange method, 
which uses anion and cation exchange resins to exchange sulfate and metal ions with hydroxide 
and hydrogen ions, respectively. The exhausted ion exchanger is regenerated with acid and alkali 
solution. Conventionally, hydrochloric acid and lime are used as regenerants due to their low cost. 
Of the whole treatment technology, regenerants consist of over 85% of the total operation 
expenditure. Other commonly used regenerants include nitric or phosphoric acid and potassium 
carbonate. Even the cost of these chemicals is much more expensive, the waste regenerant can 
react with each other and form fertilizers. However, people need to pay close attention when 
applying these regenerants in real world application because trace amount of phosphate can have 
an impact on aquatic ecosystems248. 
1.4.4 Salient Properties of AMD 
The contact of pyrite with large volumes of oxygenated water moving into mine voids yields 
dissolved ferrous iron (Fe2+) and sulfuric acid (H2SO4). The ferrous iron subsequently oxidizes to 
ferric iron (Fe3+), which precipitates as ferric hydroxide, Fe(OH)3. This is the brownish precipitate 
seen along AMD impacted waters and the bottoms of streams into which AMD discharges. AMD 
thus is typically a highly acidic solution bearing a large load of iron, either dissolved or precipitated 
as ferric hydroxide. AMD contact with rock and soil might result in the dissolution of other metals 
such as aluminum, manganese, magnesium, and sodium. Mass concentrations of chemical 
constituents in AMD can range from tens to several thousands of milligrams per liter, depending 
on the local geology and hydrogeology, the flooded state of the mine, and the time since its 
abandonment249–252. 
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Stiles et al. characterized water quality types from mine discharges in the Monongahela basin253. 
Data from 1,624 water samples collected from 84 mine discharge sites were compiled and grouped 
according to chemical, as well as other characteristics of the discharges. This analysis produced 
four basic clusters. The discharge groupings were governed primarily by three geochemical factors: 
total dissolved solids (TDS), degree of acid neutralization, and concentrations of metals. Most of 
the mine discharge sites were classified in a single cluster characterized by variable levels of pH, 
alkalinity, calcium, aluminum, and chloride and low levels of sodium, magnesium, iron, manganese, 
and sulfate. The smaller clusters were associated with waters that were high to very high in TDS 
content. Mine discharges with lower TDS content and positive alkalinity tend to be older discharges 
from mine voids that are flooded. Discharges with acidity and high TDS levels tend to be more 
recently initiated discharges from mine voids that are not completely flooded254– 258. There are many 
old abandoned mine discharges in southwestern Pennsylvania, but newer discharges exist as well. 
1.5 Flowback and Produced Water Treatment 
1.5.1 Wastewater Treatment Plant Dilution 
The flowback water was distributed and diluted with municipal wastewater streams for a while in 
Pennsylvania and was banned in 2011 as the domestic concentration of TDS increased drastically. 
Researchers did chemical analysis for water streams before and after flowback discharge into the 
wastewater streams224. The treatment of flowback water through WWTPs was proven to be 
insufficient and posing risks to the water systems and ecological systems nearby209. As the 
wastewater primarily goes through biological treatment process, which is not efficient for salt 
removal or partial desalination, it could also pose risks for dehydration of the bacteria thus failing 
the whole system259. As commonly established, the restarting of the wastewater treatment plant is 
time-consuming and costly. 
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1.5.2 Deep Well Injection 
The most common disposal method for flowback and produced water is deep well injection (Figure 
1.10). The U.S. Environmental Protection Agency requires Class II disposal wells for such fluid. 
This method was first applied in Texas as there was a similar number of Class II wells as the Barnett 
Shale gas wells. However, the condition is quite different in the Marcellus Shale area. The whole 
state has only seven Class II disposal wells178. Even though the number of disposal wells is 
increasing, it still rarely contains all the flowback and produced water. The development of disposal 
wells was proved to be complex and the requirement for capital investment is significant210,260–262. 
Likewise, the hurdle to meet the regulatory standards will be increasingly difficult. 
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Figure 1.10 A sketch of a typical disposal well with three layers of casing263. 
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As there are public concerns and relative strict supervisions, operators were recently trucking all 
the flowback from Pennsylvania to Ohio for underground injection. The cost increased along with 
posing potential environmental risks such as leakage of the water224. 
Research about water quality risks posed by flowback injection was conducted214,264–266. There was 
an elevation of total dissolved solids (TDS) and radioactivity in the nearby area where the Class II 
disposal wells were located. Moreover, mini scale earthquakes were frequently detected in the 
same area which were never reported previously191,216,267–269. As a result, there is an urgent 
requirement for novel and sustainable techniques to treat/dispose flowback and produced water270. 
 
1.5.3 Reverse Osmosis (RO) and Forward Osmosis (FO) 
Reverse osmosis is a well-known water purification process for high quality drinking water271 and 
industrial water272. In such a process, the water molecules will go through a semi-permeable 
membrane under pressure while the remaining concentrate left over is a headache for disposal273. 
Current research aims at minimizing the concentrate volume in order to reduce the disposal 
cost86,274,275. This technique will remove suspended solids (SS), TDS, organic molecules, and even 
monovalent ions7,276,277. For sea water desalination, the typical water recovery ranges from 35% to 
50%. However, energy consumption for purification of flowback by RO is huge as the concentration 
of TDS is 3-5 times that of sea water. Moreover, the remaining concentrate will pose environmental 
concerns to inland areas especially those suffering from drought season. RO is not necessary for 
the reuse for hydraulic fracturing. From opening literature, the volume of concentrate could be 
reduced to as low as 20% of the initial flowback. However, the intensive energy usage will limit the 
application of the RO technique to water with TDS no more than 40,000 mg/L219,220,276,278,279. 
Research has been done to reduce the energy cost of the RO process such as vibratory shear-
enhanced processing (VSEP)280,281. This technique was used successfully for the treatment of 
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wastewater produced during offshore oil production. However, the concentration of TDS is still 
much lower than expected from shale gas production. 
To reduce the energy cost while enhancing the water recovery, forward osmosis (FO) was 
suggested to achieve more sustainability213,219,221,222. Several research studies were conducted for 
the treatment of flowback and produced water from unconventional natural gas and oil 
exploration213,219,220,274. In FO process, water will transport through a semi-permeable membrane 
which is impermeable to other molecules such as suspended solids, salt, organic molecules, and 
ions. However, unlike the RO process, FO uses an osmotic pressure gradient as the driving force 
instead of hydraulic pressure. A draw solution was used to provide the osmotic pressure gradient 
for water molecules to go across the membrane from wastewater. Osmotic pressure in FO could 
be significantly greater than the hydraulic pressure in RO, possibly leading to higher flux and water 
recoveries. Researchers supposed that the significant driving force provided by specific draw 
solution could feasibly lead to salt precipitation7,86,221,222,275,278,279,282–285. However, the fouling and 
cleaning behavior remains unclear. Studies were carried out for different membrane techniques, 
selection of appropriate draw solution, and cleaning methods for FO membranes274,277,282– 284,286,287. 
1.5.4 Co-Treatment Process with AMD 
Drawing water from AMD streams for hydraulic fracturing can control the migration of AMD water 
to some extent. Flushing, one typical method to control AMD migration, drains the water rapidly 
before it is able to react with pyrite and oxygen. More AMD water can be treated through the same 
ion exchange reactor with less sulfate and ferrous iron. Thus, using treated AMD water for 
hydrofracking can be a win-win technique, which will reduce the fresh water usage while alleviating 
the AMD migration problem.  
The Marcellus Shale in the Appalachian Basin is the largest recovered unconventional natural gas 
reservoir in the United States106. Apart from the significant economic impacts for Pennsylvania due 
to the successful exploitation through horizontal drilling and hydraulic fracturing, public concern is 
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increasing about the environmental risks associate with water contamination288. AMD, on the other 
hand, is one of the most persistent water contamination problems in Pennsylvania. Approximately 
6.1 × 10''  gallons of AMD are produced and discharged annually while 3.6 × 10(  gallons of 
freshwater are used for drilling and hydraulic fracturing289. It is suggested that ion exchange is a 
very promising technology in treating and reuse of AMD water for hydrofracking while also 
preventing migration of Marcellus formation brine to shallow aquifers290 and thus deserves more 
research attention toward practical applications. 
The merits of using AMD to treat flowback water include mitigating both AMD and flowback 
contamination to surface201 and groundwater291 resources, eliminating some of the adverse health 
impact to human beings292 and ecosystems, reducing fresh water usage, diminishing the 
transportation cost for both fresh water and wastewater, and avoiding huge volumes of wastewater 
sent for deep well injection. However, sulfate ions in the AMD could react with barium, strontium, 
and radium in the shale formation thus decreasing natural gas productivity293. The high TDS of 
flowback can result in adverse impacts with surface and groundwater systems and thus impede 
the functionality of municipal water treatment plant.209 Combining the two will not only remove ions 
which disturb the natural gas development but eliminate additional chemicals199. It is noteworthy 
that the treated flowback will always treat the radium, barium, strontium, and sulfate to a very low 
level, which will meet the standard for hydraulic fracturing, deep well injection, or even surface 
discharge. 
1.5.5 Radioactivity Disposal 
Radioactive contamination of drinking water is a significant issue due to its severe health effects 
and wide occurrence.  Technologies for radium removal have been widely investigated, including 
ion exchange, reverse osmosis, lime softening, sand filtration, and manganese oxides process294–
299
. These techniques either have a low removal efficiency or create another waste liquid/solid that 
needs treatment or disposal.  
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Sulfate precipitation with radium will also generate a large amount of radium rich sludge, which 
might exceed the limit for TENORM disposal in municipal solid waste landfills (5-50 pCi/g 
depending on state regulations). So the radium rich solids disposal need to be further studied in 
the future. 
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Chapter 2. New scientific approaches and objectives 
In real life application, a technology that is easy to operate, low cost, stable, meets all the 
requirements and  uses the least number of external chemicals could be considered sustainable. 
As time goes on, some of the technologies, which used to be considered sustainable, are not any 
more as determined with a thought analysis. One example is the softener, which causes a lot of 
concern in arid and environmental-sensitive areas, as it found to contribute to the increase of local 
TDS in both surface and groundwater bodies. Such technologies have been banned or regulated 
since then. However, there is still needs for hardness removal especially for the heat transfer 
systems. On the other hand, natural gas is considered a clean energy. The large storage of 
unconventional natural gas makes it an important reservoir. After exploration technologies, 
including horizontal drilling and hydraulic fracturing, became cost effective and available, shale gas 
is now considered a game-changer300–306. However, it is raising more and more public concerns as 
the shale gas produces more and more waste and damage during exploration307. The large amount 
of fresh water consumption is causing water shortages for some areas, while the byproduct, named 
flowback water, or produced water, is causing serious environmental problems308. 
To fulfill the task without using a high concentration brine or external chemicals seems to be more 
and more important these days309. Appropriate methods for those daily requirements is meaningful 
and worth spending time on. 
Ion exchange, a common technique for removing hardness or heavy metals, could earn the 
reputation back by proper mediations. This study proposed two novel hybrid ion exchange 
techniques for hardness removal and flowback water treatment. Ideally, no concentrated brines will 
be generated while a minimum amount of chemicals is needed. 
Some of the techniques considered sustainable in the past have become more and more 
environmental unfriendly nowadays as people start taking everything into consideration310–322. The 
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goal of this research is to fully analyze the circumstances of current ion exchange applications and 
try to improve them for more sustainable usage. 
2.1 Trivalent-based softener without production of high salinity brine 
Hardness removal technologies have been developed during the late 50s and have been used for 
decades until now52,323–333. For a higher concentration, lime softening is usually used334–344. The 
reaction could be summarized as following: 
CaO	s	  HO	l	 → CaOH		.	 
CaHCO		aq	  CaOH		.	 → 2		  2		 
By adding CaO, the water reacts to form low solubility Ca(OH)2 and precipitates out. However, the 
removal efficiency is depended on the solubility product of Ca(OH)2, and thus cannot meet the 
standard for some scenarios. The calcium removed during this process is temporary hardness. If 
the influent alkalinity is low, the removal efficiency of such processes will be greatly reduced. Thus, 
some of the softening processes also add soda (Na2CO3) to push the reaction further. 
NaCO	.	  
	.	 → 		  2
	.	 
This technique will also add sodium to the system while removing hardness. Furthermore, the 
removal efficiency is dependent on the solubility product and reaction kinetics of the formation of 
the precipitate. 
The other common method is ion exchange with a strong acid cation exchanger in Na+ 
form324,327,328,333,345– 353. During the service cycle, the Ca2+ will combine with the fixed negatively 
charged functional group in the resin phase and Na+ will be released. After the bed is exhausted, 
the resin needs to be regenerated. A common regeneration method is to pass a high concentration 
(i.e., 5-10%) NaCl solution to approach selectivity reversal and put the bed back in Na+ form. During 
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this process, most of the NaCl added into the system is to reach selectivity reversal thus being 
wasted after regeneration. On an equivalent basis, about 8 eq of Na+ is used to regenerate 1 eq of 
Ca2+. The spent regenerant is causing more and more concern especially in arid areas. There are 
detections of rising concentration of total dissolved solids within the nearby surface water streams 
and groundwater due to the following reaction: 
2R − SO	Na
222222222222222222  
 → R − SO	Ca
222222222222222222222  2Na
 
Thus the sodium concentration in the treated water is always higher than that of the influent. The 
substitution of Ca2+ by Na+ ion will also result in raising the TDS. 
From a sustainability viewpoint, an increase in sodium concentration in the treated water and a 
large excess of brine (NaCl) in the spent regenerant are increasingly unacceptable354–363. In every 
cation exchange softening process, sodium ion or Na+ is the host or pre-saturated form of the cation 
exchange resin. Thus, the hardness removal essentially constitutes exchange between Ca2+ (or 
Mg2+) and Na+ on an equivalent basis. In our proposed new approach, monovalent Na+ is to be 
replaced by a trivalent cation (say Al3+) as the pre-saturated form. Aluminum salts are inexpensive, 
readily available, and have very low solubility products in hydrated form. 
AlOH	s	 ↔ Al
  3OH, K78 = 1.3x10 
In addition, the kinetics of aluminum hydroxide precipitate formation are very rapid364–375. Thus, in 
dilute solutions requiring hardness removal, exchange of Ca2+ with Al3+ is expected to proceed with 
simultaneous precipitation of Al(OH)3(s) and consequent reduction in alkalinity as follows: 
2R − SO	Al
22222222222222222222  3Ca
 → 3R − SO	Ca
222222222222222222222  2Al
 
2Al
  6HO → 2AlOH	s	  6H
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6H
  6HCO → 6HO  6COg	 
<=>?@AA:	3Ca
  2R − SO	Al
22222222222222222222  6HCO → 3R − SO	Ca
222222222222222222222 2AlOH	s	  6COg	 
Note that in the overall ion exchange reaction, aluminum is dissipated as solid Al(OH)3(s) and HCO 
is partially dissipated as CO2 gas. Consequently, the reaction will proceed to the right, although 
divalent Ca2+ possesses lower affinity than trivalent Al3+. 
Figure 2.1 illustrates individual steps of the conceptualized process and the following points are 
worth mentioning: 
i) Sodium concentration in the treated water does not increase; 
ii) Since exchanged aluminum precipitates and alkalinity is reduced, there is an overall 
reduction in dissolved solids in the treated water, i.e., the softening is accompanied by 
partial desalination. 
Once the capacity is exhausted, the cation exchanger is regenerated stoichiometrically with dilute 
AlCl3, as follows: 
3R − SO	Ca
222222222222222222222  2Al
 → 2R − SO	Al
22222222222222222222  3Ca
 
From an application viewpoint, the process configuration, however, remains the same except that 
the cation exchange resin is used in Al3+-form instead of Na+-form. 
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Figure 2.1 A sketch illustrating that during the hardness removal process no sodium was added to 
the treated water while the process can simultaneously reduce TDS of the treated water. 
Softener, being one of the most typical ion exchange applications, was banned due to the high 
concentration of salt usage during regeneration. However, the technique was used as a sustainable 
model because the material filled in the reactor could be reused for unlimited cycles. There is still 
a need for hardness removal in industrial processes which need to avoid scaling. Two typical 
techniques have their own limitations. Lime softening is limited by the solubility product of calcium 
carbonate, thus it can only remove hardness to a certain extent. The Na-cycle ion exchange 
process can reduce hardness to zero before breakthrough, however, the regeneration of the 
exhausted ion exchange resin will consume a large volume of high concentration brine to approach 
selectivity reversal.  
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R − SO	Ca
222222222222222222222  nNa
 → 2R − SO	Na
222222222222222222  n − 2	Na
  
 
From the open literature, n usually ranges from 5-10 in real world applications. 
The spent regenerant contains the released calcium, magnesium, along with excess sodium, and 
is causing risks to agricultural and downstream water qualities especially during the drought 
seasons. Such processes has been banned or regulated in a number of arid areas such as 
California due to the potential risks posed to the sensitive ecosystem. 
Removing hardness still remains an issue for several industrial cases such as heat transfer systems 
and water pipe lines. It is important to have a sustainable way to remove hardness without adding 
sodium ions into the bulk water. Weak acid cation exchangers (WAC) were used to remove 
hardness instead of SAC-Na. The elimination of using high concentration brine makes such 
processes more environmentally benign. However, the regeneration needs a large amount of 
mineral acid, which will pose risks for transportation, storage, and usage. Other environmental 
friendly regenerants were also explored and studied376–380. Carbon dioxide was tested to 
regenerate WACs in several research studies, but the slow kinetics will not allow normal size resin 
beads to be regenerated. To improve the kinetics of regeneration, ion exchange fibers were used 
instead of WAC resin beads. The cost and availability for IX fibers put great resistance to such 
studies. 
It would be more environmentally friendly if there is a technique without using a high concentration 
brine or without wasting large amounts of salt. Some multivalent cations, such as aluminum and 
iron, have a higher affinity than calcium and magnesium at low concentration. The low solubility of 
hydroxide salt will prevent the leaking of metal ions in the waste regenerant. Ideally, the reaction in 
the resin phase will follow the equation: 
2R − SO	Al
22222222222222222222  3
 → 3R − SO	Ca
222222222222222222222  2Al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As aluminum and iron are not frequently detected in high concentrations in water, calcium and 
magnesium will show higher selectivity during the service cycle. The released aluminum ions will 
form precipitates inside the pore structures.  
Al
  3HO → AlOH	  3H
 
The proton produced during aluminum precipitation can react with the alkalinity in the influent, thus 
partial desalination will also be achieved. 
H
  HCO →    
The Al-cycle hardness removal could be summarized as Figure 2.2. 
 
Figure 2.2 A sketch illustrating the Al(OH)3 accumulated inside the pore structure of resin beads.  
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During regeneration, the selectivity reversal will be reached at a much lower concentration than the 
sodium chloride solution. As aluminum chloride and ferric chloride solutions appear acidic, the 
previously formed metal hydroxide precipitation could be dissolved and used for regeneration also. 
To some extent, substoichometric regeneration might be achieved. 
 With such processes, much lower concentrations of salt will be used during regeneration and no 
sodium ions are added during hardness removal. The aluminum could be easily recycled and 
reused. 
Aluminum and iron, which has a higher valency than Ca2+ and Mg2+, could achieve higher selectivity 
at low concentrations, thus becoming an alternative option as a high efficiency regeneration agent. 
At low concentrations, Al3+ and Fe3+ show higher affinity to the cation exchanger. Ideally, the 
regeneration could be accomplished at low concentration, and near stoichiometry. 
The regenerated cation exchanger is in Al3+/Fe3+ form. During the serving cycle, Ca2+ and Mg2+ will 
form bonds with the functional groups thus Al3+/Fe3+ will be released. Unlike the Na-form softener, 
the insolubility of Al(OH)3 and Fe(OH)3 will not allow the release of Al3+ and Fe3+ ions to the effluent. 
Instead, they will precipitate inside the pore structure of the resin. Ideally, the formation of Al(OH)3 
and Fe(OH)3 can also lead to partial desalination of the influent as hardness was removed without 
adding any cations back381. Therefore, one task of this dissertation is to confirm the feasibility of 
hardness removal without using a high concentration brine for regeneration. 
2.2 A novel ion exchange process to transform acid mine drainage (AMD) into 
water resource for hydrofracking. 
Natural gas has been considered a clean energy resource for decades. The recent techniques, 
including horizontal drilling and hydraulic fracturing, make the exploration of shale gas possible. 
The Marcellus Shale located in northeast America has been considered a game-changer as the 
exploration of shale gas was enabled by the two technologies. However, the production of natural 
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gas from shale formation will also need a large amount of fluid for drilling and fracking. The flowback 
after fracking also poses great risks to local water bodies, ecosystems, and environment110. 
Treatment and disposal of such water has been discussed widely since then. 
The waste stream produced during the exploration of unconventional natural gas has been posing 
serious concerns307,382–384. A lot of studies are going on to find a low-cost, environmental friendly 
way to deal with the wastewater. To purify the flowback water is not necessary as the concentration 
of TDS of the flowback is already higher than that of the concentrate derived from the reverse 
osmosis (RO) system. To desalinate such water will consume a large amount of energy. However, 
even when people can perform deep well injection, the wastewater needs to be treated for its 
radioactivity beforehand1,110,177,209,212,213,271,292. Untreated radium leakage into the environment 
could cause severe impacts to both soil conditions and ecologic systems385. Some researchers 
proposed that the wastewater could be reused after removing all the scaling divalent ions (such as 
radium, barium, and strontium) by blending with a water body which has sulfate ions. The following 
reaction will happen thus forming precipitation. 
D
.	E
.	F
.	  .	 → D
	E	F	  
The SO42- could be either added with sulfate salt, such as Na2SO4, or blended with water which 
already contains sulfate ions386. However, there are shortages for both methods. When adding salt, 
people also add sodium to the water, which will increase the TDS further. For directly blending with 
another water body that is rich in sulfate, such as acid mine drainage (AMD), it cannot be controlled 
as the removal efficiency is depend on the solubility product for all the sulfate precipitations. To get 
stoichiometric sulfate ions on a charge basis, the process could produce a large volume of treated 
water. Figure 2.3 shows the finished flowback water volume after removing all barium, strontium, 
and radium using an AMD resource with different sulfate concentrations. 
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Figure 2.3 A model illustrating the final volume of treated flowback if radium, barium, and strontium 
are mostly removed by directly mixing with AMD water regarding its sulfate concentration. The 
water analysis of flowback sample is showed in the figure. 
Incomplete mixing of too large volume water will certainly occur in such a scenario. The design of 
a mixing facility will be complicated and needs to be investigated. The treated water that is free of 
radium, barium, and strontium still needs to be further treated to meet the industrial effluent 
standard or sent to deep well injection. Thus the increase of the treated water volume will increase 
the order of magnitude for the cost. 
Some companies were trying to use ion exchange technology for flowback treatment. They use a 
large amount of cation exchangers in Na form to exchange with the divalent ions in the flowback. 
2R − SO	Na
222222222222222222  
 → R − SO	Ra
222222222222222222222  2Na
 
2R − SO	Na
222222222222222222  E
 → R − SO	Ba
222222222222222222222  2Na
 
2R − SO	Na
222222222222222222  F
 → R − SO	Sr
22222222222222222222  2Na
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The treated water that was mixed without radium, barium, and strontium could be recycled. Then 
concentrated brine was fed to the column for regeneration to put the resin back in Na+ form.  
R − SO	Ra
222222222222222222222  nNa
 → 2R − SO	Na
222222222222222222  n − 2	Na
  
 
R − SO	Ba
222222222222222222222  nNa
 → 2R − SO	Na
222222222222222222  n − 2	Na
  E
 
R − SO	Sr
22222222222222222222  nNa
 → 2R − SO	Na
222222222222222222  n − 2	Na
  F
 
The spent regenerant was mixed with Na2SO4 solids and was left to settle for some time to remove 
all the precipitation. 
n − 2	Na
  
  
  .	 → 	  n − 1	Na
 
n − 2	Na
  E
  
  .	 → E	  n − 1	Na
 
n − 2	Na
  F
  
  .	 → F	  n − 1	Na
 
During such processes, about 5 to 7 meq Na+ will be wasted and stay in the spent regenerant per 
meq Na+ used for regeneration. Thus, the equilibrium Na+ concentration will be further increased. 
Furthermore, under the TDS concentration range of flowback water, Ra2+, Ba2+ and Sr2+ will not 
show high affinity towards the ion exchanger387–393. Thus, the removal efficiency will be reduced. 
The AMD water can be used as a resource for both fresh water and sulfate, while the final volume 
will not be increased if an anion exchanger is used as a container for the sulfate. At the end, there 
will be two separate streams: one is the treated AMD water without sulfate ions and the other one 
is treated flowback water free of radium, barium, and strontium. 
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During the AMD cycle, SO42- can be selectively removed via the anion exchanger by exchange with 
Cl-. 
2R − CHN
CH		Cl222222222222222222222222222222  SO → R − CHN
CH		SO2222222222222222222222222222222222  2 
The resin was put in sulfate form after the AMD cycle. The treated AMD water can be used for 
hydraulic fracturing as the sulfate concentration remains low. 
After the AMD cycle, the sulfate was collected in the anion exchanger. If flowback water is fed 
though the bed, the high concentration of chloride will reverse the selectivity and kick off the sulfate 
ions on the resin. 
R − CHN
CH		SO2222222222222222222222222222222222  n → 2R − CHN
CH		Cl222222222222222222222222222222  SO  n − 2	 
The released sulfate ion will bind with Ra2+, Ba2+, and Sr2+ ions in the flowback water to form 
precipitates. 
D
.	E
.	F
.	  .	 → D
	E	F	  
The precipitation can be separated with a settling tank. If the radioactivity is under landfill standard, 
such solid waste could be sent to the landfill. 
It is worth noting that there is partial removal of chloride ions along with the divalent ions of concern. 
Thus the TDS will also be reduced to some extent in the treated water. 
However, there are many aspects that need to be studied. Firstly, the removal efficiency for radium, 
barium, and strontium to meet the standard for reuse needs to be confirmed. Secondly, the kinetics 
of the reaction should neither be too fast to block all the resin pores thus preventing ion exchange 
happen inside, nor too slow to meet the treatment requirement. Thirdly, the precipitation formed 
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should not have a radium concentration higher than the landfill standard. Last but not least, the ion 
exchange reversal during the alternative between flowback and AMD water needs to be attested. 
Ideally, the water usage for hydraulic fracturing can be supplied by mixing the treated flowback 
water and AMD water. As said in the open literature, the flowback is about 20% of the total water 
injected for hydraulic fracturing, thus for each site with different concentrations of sulfate and 
divalent ions, the bypass ratio can be established. The ultimate goal for this research is to develop 
a model which can be engaged directly for real world application without any experiments. After 
input of all the parameters such as the concentrations of divalent ions in the flowback, and that of 
the sulfate in the AMD, the bypass and mixing ratio can be found. 
Figure 2.4 shows the treatment process using AMD as a sulfate and fresh water resource to 
remove barium, radium, and strontium in the flowback water. During the AMD cycle, the sulfate is 
removed and collected in the hybrid anion exchanger. The effluent without sulfate ions can be used 
as a makeup for hydraulic fracturing. Secondly, as the flowback water is passed through the anion 
exchanger, the high concentration of chloride can reverse the selectivity and kick out the sulfate 
ions in the resin phase. The sulfate will precipitate the radium, barium, and strontium completely 
and rapidly. After such process, the major constituent of treated flowback water is sodium chloride, 
which can be reused for hydrofracking or be sent for final disposal. As there is no increase in 
volume, the transportation cost will remain unchanged, while the treated water could be disposed 
of in a much cheaper method. 
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Figure 2.4 A summary figure illustrating the process of transferring AMD to a sulfate and fresh 
water resource for hydraulic fracturing, while removing regulated ions in flowback. 
PHREEQC is used to simulate the precipitation between sulfate and divalent ions (Ra2+, Ba2+, Sr2+), 
thus at equilibrium (i.e., Ra2+, Ba2+, Sr2+ were fully removed), the concentration of residual sulfate 
could be maintained at minimum394–396. Figure 2.5 shows the precipitation order of radium, barium, 
and strontium after gradually adding sulfate to the water sample. Though RaSO4 has the lowest 
solubility product, it will precipitate third due to the high concentration of barium and strontium in 
the water. Thus, to remove radium in the flowback, barium and strontium need to be partially 
removed. 
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Figure 2.5 A model showing the precipitation order of radium, barium, strontium, and calcium with 
the gradual addition of sulfate. 
In summary, the goal of this research is to find a sustainable treatment method for realistic 
applications of flowback remedy by using the hybrid ion exchange technology. To some extent, no 
external chemicals are needed for both treatments at equilibrium, while the treated water can meet 
the standards for reuse. 
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Chapter 3. Methods and Materials 
3.1 Columns and Connections 
The columns used for this work were bought from ACE glass with 7 mm, 11 mm and 35 mm 
diameters. The tubing, and connections were also bought from ACE glass (Figure 3.1). For 
softening purposes, 11 mm diameter glass columns were used. 10 mL parent C145 was filled in to 
the column without air bubbles in between. Then feed solution was pumped though downward with 
a constant flow rate pump (Figure 3.2). Several valves are added to the connections for effluent 
collection and pH monitor (Figure 3.3). The empty bed contact time (EBCT) and superficial liquid 
velocity (SLV) were calculated and recorded for each experimental cycle. Previous studies showed 
no significant channeling occurs under such operation conditions397–400. 
 
Figure 3.1 Glass columns and connections used in the experiment. 
For capacity measurement, 7 mm diameter glass columns were used. Five grams of resin beads 
was weighed and filled in the column. For hardness test, the resin was initially in Na+ form. Ten bed 
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volumes of 5% NaCl solution was passed through the column to make sure the bed is fully in the 
Na+ form. The total equivalent could be calculated as following. 
I. = J × KLM × . 
Where eq is the total equivalent of the solution in meq; c is the concentration of the solution in 
mg/mL; MW is the molecular weight in mg/mmol; q is the ratio between charge and molality in 
meq/mmol; V is the volume of solution in mL. 
 
Figure 3.2 Constant flow rate pump used in the experiment to feed solution through the column. 
For 10 bed volumes of 5% NaCl solution, the total equivalents could be calculated as 
I. = J × KLM × . = 50
NON × 5	N × 1058.5 NONNP × 1NNPNI. = 42.7	NI. 
The capacity showed on the manual is 1.2 eq/L. Then the total capacity for 5 mL of resin beads is 
calculated as, 
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I. = Q × K = 1.2NI.N × 5	N = 6	NI. 
Thus, enough Na+ solution was fed through the column. 
Then 10 bed volumes of deionized water were passed through to rinse the column. After rinsing, 
the synthesized groundwater spiked with calcium (50 mg/L, and 100 mg/L) was fed through the 
column. The effluent was collected with a fractional collector. Influent concentration was measured 
along with the effluent samples every time. The total capacity can be calculated by integrating the 
area under the curve. 
 
Figure 3.3 Valve connection added in to the experimental setup for pH monitor. 
For flowback treatment work, the capacity of parent A850 and iron/zirconium loaded A850 were 
measured with otherwise identical conditions. The feed water is synthesized AMD water with sulfate 
concentration of 200 mg/L. All three batches were put in the chloride form by passing 10 bed 
volumes of 5% NaCl solution. The specific gravity of resin will increase after doping iron oxide or 
zirconium oxide nanoparticles. The experiment is conducted by measuring the volume of resin 
beads. Assume that the volume is not changing before and after doping the metal oxide inside, the 
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total amount of resin beads of each batch is the same for all the three batches. Compare the effluent 
history of the three batches. The integrated area under the curve is the total capacity for each batch. 
Parent Purolite A400 and LayneRT were tested for capacity with the same method. After the 
effluent sulfate concentration equals the influent sulfate concentration, the pump was stopped. The 
column was rinsed with 10 bed volumes of deionized water and then regenerated with 5% NaCl 
solution. Effluent sulfate concentration was measured to confirm the mass balance for sulfate ion. 
3.2 Resins and Moderation Methods 
3.2.1 Parent Resins 
The resins used in this study included strong base anion exchangers, namely, A400, A850 (Figure 
3.4), and strong acid cation exchanger, namely, C145, supplied by Purolite lnc, PA, and one 
modified anion exchanger, namely LayneRT, produce by Layne lnc, TX. 
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Figure 3.4 Parent A850 anion exchange resin dried in the lab. 
3.2.2 SAC-Al Process Resin Modification 
For the hardness removal experiment, 10 mL of fresh Purolite C145 was measured with a 
graduated cylinder and filled in an 11-mm diameter glass column. The resin beads were carefully 
filled inside to avoid any air bubbles. Then a 3% AlCl3*6H2O solution was passed through the 
column downwards. The effluent Al concentration was monitored. As Al is detected in the effluent, 
the pump is stopped. The column was rinsed with DI water for 10 bed volumes to avoid the influence 
of Al3+ in the dead space of the column. Then calcium spiked groundwater was fed though the 
column. The sample was collected with a fractional collector and tested with AAS for calcium 
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concentration. Once the effluent calcium is over 75% of the influent concentration, the pump was 
stopped. The column was rinsed with deionized water before regeneration. Then the process was 
repeated until the aluminum hydroxide in the pore structure reached stead state after about 4 to 5 
cycles. At steady state, the calcium removal stays constant for each cycle, while during 
regeneration, the aluminum used also stays constant. 
3.2.3 Co-treatment of Flowback and AMD Resin Modification 
For Marcellus flowback treatment, the parent A400, and A850 is not heavy enough to be used in 
the column test, because their specific gravity is lower than that of the flowback water. Thus, 
modification is necessary to make the resin heavier to be used in flowback cycle. 
To dope iron oxide nanoparticles inside the A850 resin beads, the same steps is usually followed: 
1. Weigh 100 grams of dried fresh A850 resin; 
2. Use a graduated cylinder to measure 50 mL ethanol and pure into a 500 mL beaker; 
3. Take 50 mL DI water with a graduated cylinder and pure into the same beaker with 50 mL 
ethanol together; 
4. Mix the solution with a magnetic stirrer while heat up to around 60 Celsius degree; 
5. Weigh 100 grams of FeCl3 solids and slowly add to the above solution; 
6. Keep mixing the solution until its clear; 
7. Slowly add the 100 grams of dried resin beads into the beaker. After adding all the resin 
beads, there is almost no extra solution in the beaker; 
8. Take the resin out on a filter cloth so that no resin is lost. Put the resin on a paper towel 
and dry overnight in the fume hood; 
9. Spread out the resin beads on the filter cloth, and make sure no resin beads stick together; 
10. Take 200 mL 10% ammonium hydroxide solution and put it on the magnetic stirrer. Slowly 
adding the dried resin in step 9 to the solution and keep mixing for 30 min; 
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11. Filter out the resin beads and rinse with DI water spiked with hydrochloric acid until the 
effluent pH is lower than 8.0; 
12. The resin is stored in bottle for future usage. 
For doping zirconium oxide nanoparticles inside the parent A850 resin beads, the following 
procedure was followed: 
1. Weigh 100 grams of dried fresh A850 resin beads; 
2. Take 100 mL DI water with a graduated cylinder and put it in a 500-mL beaker; 
3. Put the beaker from step 2 on a magnetic stirrer and heat up to 60 Celsius degree; 
4. Weigh 120 gram of zirconium oxychloride and slowly add into the beaker. Keep mixing the 
solution until it becomes clear; 
5. Slowly add the 100 grams of A850 resin from step 1 into the solution; 
6. The solution should be all absorbed after adding all the resin beads; 
7. Filter the resin beads out with a filter cloth. Dry the resin overnight in the fume hood; 
8. Spread out the resin beads on the filter cloth and make sure that no beads stick together; 
9. Take 200 mL 10% ammonium hydroxide solution in a 500-mL beaker with a graduated 
cylinder. Then slowly add the dried resin beads while stirring; 
10. Keep mixing the solution with resin beads for 30 min; 
11. Filter out the resin beads and wash with DI water spiked with hydrochloric acid until the 
effluent pH is lower than 8.0; 
12. Keep the resin in a bottle with label for future use. 
3.2.4 Specific Gravity Test 
The specific gravity of DI water, flowback water, fresh A850, iron doped A850, and zirconium doped 
A850 were measured with a 25 mL-graduated cylinder. 
For DI and flowback water, the following steps are followed: 
52 
 
1. Rinse the graduated cylinder for three times with DI water and dried; 
2. Weigh the empty graduated cylinder and zero the scale; 
3. Add 10 mL DI water into the graduated cylinder and get the read on the scale; 
4. Repeat the measurement for three times and record the result. 
For specific gravity measurement of the resin beads: 
1. Put 10 mL DI water in a graduated cylinder and put it on the scale and zero it; 
2. Add dried resin slowly while shaking until the total volume reaches 15 mL; 
3. Put the graduated cylinder on the scale and get the read; 
4. Repeat the measurement for three times and record the results; 
5. The specific gravity could be calculated by averaging the results. 
The specific gravity could be compared for both water sample and resin beads. 
3.3 Experimental Design and Preparation 
3.3.1 Hybrid ion exchange process for hardness removal 
Before use for hardness removal, the C145 was passed through 3% AlCl3*6H2O solution to put in 
aluminum form. Then the bed is rinsed with deionized (DI) water for 10 bed volumes before put into 
the service cycle. The effluent pH, calcium concentration and aluminum concentration were 
monitored and recorded. The column run was stopped when the effluent calcium concentration 
exceeds 75% of the influent. Then the bed was rinsed with DI water and sent for regeneration. The 
same AlCl3 solution was used for regeneration of the bed. During regeneration, Ca2+, Al3+, pH was 
measure in accordance with bed volume. Once the aluminum concentration is detectable, the pump 
is stopped and DI water is fed instead of AlCl3 solution. Feed DI water until Ca2+ concentration is 
less than that of the influent. The total mass of Al3+, and Ca2+ fed during regeneration is calculated 
and recorded. Figure 3.5 shows the experimental equipment used in the laboratory. The feed water 
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is fed through a 15-mm glass column from top to bottom by a constant flow pump and the effluent 
is collected with a fractional collector. 
 
Figure 3.5 Laboratory setup with 15-mm glass column, constant flow rate pump, and fractional 
collector. 
After about 5 cycles of AlCl3 feeding, the Ca2+ removal reached a steady state. The resin was taken 
out from the column and separated into two aliquots. One was regenerated by 3% AlCl3, the other 
was regenerated by 0.5% AlCl3 solution with pH around 2.5 adjusted by 2% HCl solution. The 
effluent Ca2+, Al3+, and pH was measured. Regeneration efficiency between two different 
regenerants were compared. 
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3.3.2 Flowback treatment with AMD water by hybrid ion exchange process 
Two parent resins, namely, A400 and A850 were moderated with either ferric chloride or zirconium 
oxychloride before usage to make them heavier. Fifty grams of ferric chloride was dissolved in 100 
mL DI water. The solution was heated to increase the dissolving speed. As no suspended solids 
could be seen and the solution appeared to be clear. 100 grams of parent resin was added 
gradually to the solution with constant mixing. The resin was mixed with the solution for 30 min on 
a magnetic stirrer. Then the resin was filtered out by a filter cloth. After drying in the fume hood for 
24 hr, the resin bead was immersed into a 5% ammonium hydroxide solution and mixed for 30 min 
to precipitate the ferric ion. For zirconium loading, 120 grams of zirconium oxychloride solids was 
gradually added to 100 mL heated DI water. After the solution become clear, 100 grams of resin 
was slowly added into the solution. Mix the resin with zirconium oxychloride solution for 30 min 
before separate the resin from the solution and dried overnight. The dried resin was added to 100 
mL 5% ammonium hydroxide solution to precipitate zirconium ion in the resin phase. After stirring 
with 100 mL 5% ammonium hydroxide solution for 30 min, the resin was taken out by a filter cloth. 
Flush with DI water for 3 times and dried in fume hood for future use. 
3.4 Water Samples Collected in Pennsylvania 
3.4.1 Hardness removal 
The water sample was synthesized by spiking 50 mg/L, and 100 mg/L Ca2+ into typical groundwater 
sample, respectively. Sodium bicarbonate was added to put the aqueous concentration around 2.5 
and 5 meq/L. The regenerant solution was prepared by dissolving 30 grams of AlCl3*6H2O solids 
into a 1 L volumetric flask. The Al3+ concentration in equilibrium solution was measured 
simultaneously with the effluent after each service cycle. The feed solution properties were listed 
in Table 3.1, and Table 3.2. 
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Table 3.1 Salient properties of synthesized groundwater sample with high calcium concentration 
Ph 7.50 
Na+ 9.8 meq/L 
Ca2+ 5 meq/L 
SO42- 2.1 meq/L 
HCO3- 5 meq/L 
Cl- Balance 
 
 
Table 3.2 Salient properties of synthesized groundwater sample with low calcium concentration 
pH 7.50 
Na+ 9.8 meq/L 
Ca2+ 2.5 meq/L 
SO42- 2.1 meq/L 
HCO3- 2.5 meq/L 
Cl- Balance 
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3.4.2 Flowback water properties 
The flowback water sample was collected from Williamsport, PA (Figure 3.6). The flowback was 
reused several times before it was sent to final disposal. The TDS is about five times higher than 
sea water due to multiple reuses. Some regulated divalent concentrations were also raised to a 
much higher level than average. 
 
Figure 3.6 A treatment facility on a shale gas well site to partially remove radium, barium, and 
strontium to meet reuse standard. 
Before being sent to test, the water was bubbled with air for 24 hours and filtered through filter 
paper to remove iron oxide precipitation (Figure 3.7). Some salient properties were listed in table 
3.3. 
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Figure 3.7 The flowback water was bubbled with air for 24 hours and filtered through a paper filter 
before measurement and treatment. 
Table 3.3 Salient properties of flowback sample collected from Williamsport, PA 
Conductivity 212 mS 
pH 5.20 
Na+ 59,000 mg/L 
Ca2+ 18,000 mg/L 
Cl- 155,000 mg/L 
Ba2+ 17,030 mg/L 
Sr2+ 6,500 mg/L 
Ra2+ 10,497 pCi/L 
SO42- ND 
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Figure 3.8 After bubbled with air for 24 hours, brown color iron oxide precipitated. After filtering the 
bubbled water with a filter paper, flowback water is clear without color. The filtered flowback was 
sent for further test. 
The AMD water sample was collected from Hazleton, PA. Three buckets of water samples of water 
samples were collected from the same spot on the same day. The water was transported back on 
the same day and stored in the lab at room temperature. Ion concentrations were measured before 
any experimental test. Results are shown in Table 3.4. 
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Figure 3.9 The acid mine drainage (AMD) site where some of the AMD samples were collected. 
 
Figure 3.10 Three AMD locations where the AMD samples were collect for this study 
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Table 3.4 Salienat properties of AMD sample  
Conductivity 769 µS 
pH 4.76 
SO42- 195 mg/L 
Cl- 10.35 mg/L 
F- 0.35 mg/L 
Ca2+ 32.9 mg/L 
Mg2+ 29.35 mg/L 
Fe 10 mg/L 
 
The sulfate concentration in the water samples collected from Hazleton, PA is 195 mg/L for all the 
three buckets measured with HACH DR5000 sulfate method with a 5 times dilution. 
 
Figure 3.11 Three buckets of AMD water sample collected from Hazleton, PA. They are stored in 
the lab at room temperature. 
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3.5 Experimental Setups 
The experimental setups include batch tests and column tests for both hardness removal and 
Marcellus flowback treatment. 
To compare the removal efficiency and capacity in the hardness experiment, another column was 
run under identical conditions and regenerated with 10% NaCl solution. The fed regenerant volume 
was also recorded. The equivalent ratio between calcium regenerated and sodium consumed was 
calculated. 
For flowback water treatment and reuse, a batch test was first used to determine the amount of 
sulfate needed to precipitate barium and strontium ions. Then ion exchange capacity of sulfate was 
measured with a mini-column using synthesized water with sulfate concentration 200 mg/L. The 
bed volume which the resin could treat was thus calculated. To closely monitoring the effluent 
concentration while get enough sample volume, a 100-mL glass column was chosen to run the 
experiment. 
3.5.1 Hardness Removal 
Prior to use, the resin was put in the aluminum form by passing through 20 bed volumes of 3% 
AlCl3. Then 15 bed volumes of deionized water were passed through to rinse the bed. The 
experiment then started with resin beads in the aluminum form (Figure 3.12). Feed water spiked 
with 50, or 100 mg/L Ca2+ was passed through the column downwards with a constant flow rate 
pump. The effluent was collected with a fractional collector with 10-mL time interval. Ca2+, Al3+, and 
pH were measured for selected effluent samples. Once effluent Ca2+ concentration was over 80% 
of the influent, the pump was stopped and the column was conditioned with 3% AlCl3*6H2O 
solution. Then the column was operated for another cycle after rinsing with DI water for about 15 
BVs. After repeating the service and regeneration cycle five times, the hardness removal reached 
equilibrium, which means the same total equivalent of Ca2+ was removed for every cycle. The 
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effluent history remains identical. The total equivalent of Ca2+ was calculated and recorded. Also, 
the total Al3+ consumed during the regeneration was calculated and recorded. Total equivalent of 
Al3+ in the effluent was calculated and recorded. The experiment was repeated for more than 20 
cycles to confirm the same capacity could be achieved for each cycle after steady state, and also 
to prove that there is no influence to the resin capacity. 
 
Figure 3.12 Mediated C145 resin filled in a glass column for hardness removal experiment. 
For comparison, the same experiment was conducted with FeCl3 and NaCl. The process was 
similar for FeCl3 as the Fe3+ ion will precipitate right after it exchanged with the Ca2+ ion. However, 
when use NaCl as regenerant, the high solubility of sodium salt makes it impossible to precipitate 
inside the pore structure. The selectivity reversal occurs only when the total concentration of Na+ 
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reached a specific range. The total equivalent of Na+ used, regeneration efficiency, and capacity 
after regeneration was compared for all the regenerants used in this experiment. 
3.5.2 Flowback water treatment 
3.5.2.1 Column test 
The capacity of resin was measured separately with a 7-mm diameter glass column. Synthesized 
AMD water spiked with 200 mg/L SO42- was fed downwards through the column with identical 
EBCT. The effluent sulfate concentration was measured after every 50 BVs. The capacity was 
calculated by integrating the area under the curve. The experiment was operated for three times to 
characterize error during operation. 
The lab-scale flowback treatment experiment was conducted with real AMD water samples and 
flowback water samples (Figure 3.13). As the concentration is high in the flowback water, the 
column could be operated for only a very short time period. Thus, a 35-mm diameter, 120-mL glass 
column was chosen to conduct the experiment. The modified exchanger was filled into the glass 
column. The total volume was measured to be 75 mL. Space was intentionally left on the top of the 
column to back wash precipitation during operation. The sample tube on the collector was stopped 
to collect a 10 mL sample before moving to the next tube. Ba2+, Sr2+, SO42-, and Cl- were measured 
for every sample during the whole cycle. 
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Figure 3.13 Laboratory setup to treat flowback water with AMD. 
After the first three cycles of experiment, the first 1.5 BVs were mixed together to take full use of 
the sulfate collected during AMD feeding. Ra2+, Ba2+, Sr2+, SO42-, and Cl- were measured to confirm 
the removal efficiency. 
For the column run, different flow rates were used to obtain better removal and back wash for the 
precipitation in the column. When the flow rate is too slow, the precipitates formed inside the column 
could never be washed out thus the column clogged after a certain period. If the flow rate was too 
high, the kinetics of ion exchange are not fast enough to take full use of the sulfate collected during 
the AMD cycle. Thus three different EBCTs were used during the whole experiment, which are 4.5 
min, 6.5 min, and 8.5 min. The best EBCT was selected after all three experiments.  Then the best 
EBCT was used for every experiment afterwards. 
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The resin after 20 cycles showed no difference for ion exchange capacity. Precipitates formed on 
the outside of the beads (Figure 3.14). The resin was sliced and sent for EDX-mapping to examine 
if precipitation formed inside the pore structure. 
 
Figure 3.14 A photo of resin beads after 20 cycles of experiment to treat flowback using AMD. 
3.5.2.2 Mini-column Test 
The isotherm was tested with pipette tips. 2 mL of zirconium oxide doped C145 was filled into a 
pipette tip with glass fiber at the bottom to prevent leaking. Each pipette tip is considered a mini-
column. Solution with same total concentration but different sulfate to chloride ratios were fed 
through three mini-columns under otherwise identical conditions. The effluent sulfate concentration 
was tested and recorded. With the effluent sulfate history, the sulfate mass in the resin phase can 
be calculated. Figure 3.15 shows the mini-column test setup in the lab. 
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Figure 3.15 Mini-column test for selectivity coefficient test between sulfate and chloride with HIX-
NanoZr. 
3.5.2.3 Batch test 
The precipitation efficiency was also researched by adding a specific amount of Na2SO4 solids into 
the flowback sample. 45 mL of flowback sample was contained in a series of plastic bottles. Then 
1 g, 2 g, 3 g, 4 g, 5 g, 6 g, 7 g, 8 g, 9 g, 10 g of Na2SO4 was added and mixed with the 45-mL 
flowback solution for 24 hours on an automatic shaker to reach equilibrium (Figure 3.16). An aliquot 
of supernatant was drawn from the bottle to measure the concentration of Ra2+, Ba2+, Sr2+, Ca2+, 
and SO42-. The precipitate formed was rinsed with deionized water and dried in the fume hood to 
take an EDX picture. The same conditions were input into the software called PHREEQC to 
generate a reaction model. The experimental results were compared with the model for removal 
efficiency and sulfate dose. 
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Figure 3.16 Batch test with different amount of Na2SO4 added to 45-ml flowback water sample 
3.6 Chemicals and Measurements 
3.6.1 Chemicals 
For hardness removal, the calcium chloride dihydrate salt was bought from Fisher chemical. The 
catalog number is C79-500. The aluminum chloride hexahydrate was bought from Fisher chemical. 
The catalog number is A573-500. The sodium chloride was bought from fisher chemical. The 
catalog number is S271-10. The sodium carbonate decahydrate was bought from Acros Organics. 
The catalog number is AC125025000. The sodium bicarbonate was bought from ACROS Organics. 
The catalog number is AC217125000. The sodium sulfate decahydrate was bought from ACROS 
Organics. The catalog number is AC451100010. The aluminum chloride hexahydrate was bought 
from ACROS Organics. The catalog number is AC217475000. Sodium fluoride was bought from 
Fisher chemical. The catalog number is S299-100. 
For flowback treatment, the sodium sulfate decahydrate was bought from ACROS Organics. The 
catalog number is AC451100010. All the other experiments were conducted with real flowback and 
AMD water samples. 
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3.6.2 Measurements and Analysis 
Aluminum concentration was measured by Hach Method 8012. Reagent set for determination of 
aluminum by the AluVer®3 Aluminon method. The measurement range is 0.008 - 0.800 mg/L Al. 
The test set contains 100 each: AluVer®3 Aluminon Reagent Powder Pillows, Ascorbic Acid 
Powder Pillows and Bleaching 3 Reagent Powder Pillows. The aluminum concentration was 
measured after dilution for most of the water samples. ICP was used to confirm the accuracy of 
aluminum measurement by UV-Vis. Sulfate was measured by Hach method 10248. The reagent 
used for the test is SulfaVer® 4 Reagent Powder Pillows bought from the Hach company. The 
measurement range is from 2-70 mg/L. The sulfur was measured by ICP to confirm accuracy. 
Calcium concentration was measured by AAS. Radium concentration was sent to University of 
Pittsburg for measurement. Barium, strontium, and calcium were all measured with ICP after 
dilution. Calcium concentration was measured by AAS also to confirm accuracy. Chloride 
concentration was measured by both ICP and titration method. 
3.6.3 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) 
Resin beads sent to take SEM photos were dried at room temperature for over 24 hours and sliced 
with a razor blade immersed into liquid nitrogen to obtain flat cross section. After close observation 
under an optical microscope, the sliced resin beads were selected and coated with carbon (Figure 
3.17). 
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Figure 3.17 Sliced resin beads coated with carbon. The specimen was used for taking SEM photos 
and EDX-mapping. 
The SEM photos were taken with an Hitachi 4300 SE/N (Figure 3.18), ZEISS 1550 (Figure 3.19), 
and FEI XL30 ESEM. The EDX maps and spectra were taken with the Hitachi 4300 SE/N, and 
ZEISS 1550. The resin beads were sliced with a razor blade immersed into liquid nitrogen for 5 min 
before use. At least 20 beads were sliced and selected by looking under optical microscope. Then 
at least 10 samples were put on the carbon tape on the SEM sample tray. The parent resin beads, 
modified resin beads, exhausted resin beads, and regenerated resin beads were sliced and coated 
with carbon before being put into SEM. Then the sample was put into the SEM chamber for pictures. 
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Figure 3.18 Hitachi 4300 SE/N equipped with EDX detector. 
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Figure 3.19 ZIESS 1550 SEM equipped with EDX detector. 
TEM photos were taken with JEOL JEM-1200EX. The resin beads were sliced with microtone to 
reduce the thickness to less than 20 nm. Then the sample was put on a gold grid and coated with 
carbon. Then TEM photos were taken with a JEOL JEM-1200EX (Figure 3.20). ImageJ was used 
to analyze the size distribution of metal oxide nanoparticles doped inside the pore structure. 
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Figure 3.20 JEOL-JEM-1200EX TEM used for TEM pictures located in the Lehigh University 
Whitaker building. 
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Chapter 4. Hardness Removal 
4.1 Lime and Soda Ash Softening Process 
4.1.1 Lime Softening 
Lime softening processes is basically precipitating calcium and/or magnesium by raising pH. 
Normally, hydrated lime is added to raw water to raise the pH to approximately 10, where calcium 
will precipitate as calcium carbonate. If magnesium removal is required, the pH needs to be raised 
to nearly 11, where magnesium will precipitate as magnesium hydroxide. 
The amount of lime required to remove temporary hardness can be calculated as: 
CaO (lb/mil gal) = 10.6 CO2 (mg/L) + 4.7 [alkalinity (mg/L) + magnesium hardness (mg/L) + X], 
Where CaO is assumed to be 100% pure, alkalinity is expressed as mg/L of CaCO3, and X is the 
required excess hydroxide alkalinity, which is typically in the range of 30 to 70 mg/L. The activity of 
each ion in water is assumed to be one during the whole process. 
4.1.2 Soda Ash Softening 
It is worth noting that lime softening process can only remove temporary hardness rather than 
permanent hardness. Soda ash is usually used as a supplement for lime softening to add alkalinity 
to remove the rest of the hardness. Calcium will be precipitated as CaCO3, while magnesium will 
be precipitated as Mg(OH)2. 
4.1.3 Disadvantages 
Lime and soda ash softened water can only remove the hardness partially due to the solubility 
product401,402. The residual hardness in the water usually ranged from 50 to 85 ppm, which will not 
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meet the standard for certain industries. Sludge generated during the softening process is difficult 
and costly to handle and dispose in many cases. 
4.2 SAC-Na Process 
4.2.1 Characterization of Purolite C145 
The capacity of C145 was tested by passing through Ca2+ spiked synthesized groundwater. The 
parent resin was passed though enough 5% NaCl solution to put in Na+ form. Then influent and 
effluent Ca2+ concentrations were measured with AAS. The integrated difference upon 
breakthrough is the capacity of C145. 
Figure 4.1 shows the experimental setup of capacity test pump, feed tank, and columns. The 
synthesized feed water was fed through a peristaltic pump downward through the column. The 
effluent was collected with a fraction collector. 
 
Figure 4.1 Experimental setup for hardness removal capacity test. The synthesized feed water was 
passed through the column downward with a peristaltic pump. The effluent was collected with a 
fraction collector. 
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Sodium has been used to regenerate the softener for a long time until the raises of TDS in the 
nearby water body were detected. Concerns were raised especially for arid regions such as 
California, according to the influence on the ecology system and local municipal wastewater 
treatment plant. 
4.2.2 Service cycle 
Figure 4.2 shows the effluent concentration of calcium and sodium for SAC-Na process. Calcium 
was fully removed for over 250 bed volumes, while the same normality of sodium ions was added 
to the treated water to replace calcium. 
 
Figure 4.2 The effluent history of calcium and sodium for SAC-Na process. 
4.2.3 Regeneration cycle 
5% NaCl solution can regenerate the exhausted column within 15 bed volumes. Figure 4.3 shows 
the calcium concentration in the effluent during the regeneration cycle. The calcium concentration 
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raises up to 400 meq/L at the second bed volume and then slowly decreased. At the 14th bed 
volume, the recovery is about 90%. 
 
Figure 4.3 The effluent history of calcium during regeneration with 5% NaCl. 
10% NaCl will not shorten the entire regeneration process but will double the amount of sodium 
chloride used. Figure 4.4 shows the calcium history during regeneration cycle with 10% NaCl 
solution. It also takes over 13 bed volumes to reach a 95% recovery. 
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Figure 4.4 The effluent history of calcium during regeneration with 10% NaCl. 
The reason of high sodium concentration in the regenerate waste is due to the high equivalent 
ratio. Figure 4.5 shows the regenerant consumption rate and bed recovery with 5%, and 10% NaCl 
solution, respectively. Both regenerants could reverse the selectivity and thus regenerate calcium 
ion from the exhausted bed. However, the lowest equivalent ratio for 80% bed recovery is over 8. 
Which indicates that to remove 100 mg/L of hardness, 920 mg/L of sodium will be added to the 
water body. It is reasonable to ban such process especially in the arid area. 
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Figure 4.5 Bed recovery and consumption ratio between sodium and calcium using 5% and 10% 
NaCl as regenerant. 
4.2.4 Disadvantages 
SAC-Na process will add sodium to the softened water, which will cause TDS increase. During 
regeneration, to achieve 90% recovery, over 8 equivalents of sodium ion are needed to recover 1 
equivalent of calcium ion (Figure 4.6). Thus 7 equivalents of sodium chloride will retain in the spent 
regenerant, which will increase the difficulty and cost for disposal. If the wastewater is directly 
discharged into the local water system after the treatment of the wastewater treatment plant, the 
salinity of the local river will increase significantly. 
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Figure 4.6 Effluent history during operation of SAC-Na resin for (A) sodium and calcium during the 
service cycle; (B) calcium during the regeneration cycle (5% NaCl); and (C) regeneration efficiency 
on an equivalent basis. 
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4.3 Multi-valent metal ion Regenerant 
Calcium and magnesium can be better regenerated from the resin with trivalent metals, such as 
aluminum and iron, at lower concentrations and lower equivalent ratios. We conducted three sets 
of comparative experiments using aluminum and iron as regenerant for observing their ability and 
dose to regenerate calcium. Figure 4.7 shows the effluent history of calcium starting with the parent 
resin in aluminum and iron forms, respectively. The hardness removal capacity is reduced after 
each cycle for both Al and Fe, while Al3+ showed a better regeneration than Fe3+. It is worth noting 
that the Ksp of Al(OH)3 is 1.9*10-33, while for Fe(OH)3, the Ksp is 6*10-38. It means under the same 
pH, the solubility of Al3+ is five orders of magnitude greater than Fe3+, which conclude that the 
reduction of capacity could be caused by precipitation formed inside or near the ion exchange site, 
resulting in part of the ion exchange site losing their functionality. The pH of aluminum chloride, or 
ferric chloride cannot dissolve the precipitate formed inside the resin, so part of the capacity is 
“permanently” lost during these cycles. However, it is likely that these sites could be recovered by 
washing with stronger acid, such as hydrochloric acid. 
 
Figure 4.7 Effluent history of calcium using AlCl3, and FeCl3 as regenerant, respectively. The first 
cycle is conducted with the same type of resin in Al, and Fe form, respectively. 
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Figure 4.8 shows the effluent pH using AlCl3 and FeCl3 as regenerant, respectively. For AlCl3, the 
lowest pH is around 4.5 and rises to about 7.5 during the service cycle. For FeCl3, the starting pH 
is about 2 and increased to 3 at the end of the service cycle. Under most circumstances, the pH of 
effluent water needs to be adjusted to around neutral for future usage. So more base need to be 
used if FeCl3 is used during regeneration. 
 
Figure 4.8 Effluent pH using AlCl3, and FeCl3 as regenerant, respectively. 
After comprehensive consideration of all of the above, aluminum salt was selected as the best 
regeneration chemical to replace sodium salts. However, for metal leaking during service cycle, 
iron regenerant showed some advantage over aluminum. Less leaking occurred into the treated 
water than for aluminum ion, which is likely due to the lower solubility of Fe(OH)3. 
Figure 4.9 shows the metal ion leaking during service cycles for both AlCl3 and FeCl3. Aluminum 
leaking only exists in the first 50 bed volumes and the concentration dropped quickly. However, for 
ferric ion in the effluent, the concentration is kept about 1.5 mg/L during the whole service cycle. 
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Figure 4.9 Effluent history of trivalent ions during service cycle using AlCl3, and FeCl3 as 
regenerant, respectively. 
Due to the higher removal capacity in the long run, aluminum chloride is used as the regenerant in 
later experiments because of its higher regeneration efficiency and stability. Firstly, aluminum ions 
were loaded into parent C145 before the calcium removal cycle. Then synthesized groundwater 
was fed through the column until the bed is exhausted. Then 1.5% AlCl3 was used to regenerate 
the column until aluminum is detected in the effluent. 5 bed volumes of deionized water is used to 
rinse the bed and then start another hardness removal cycle. As shown in the figure, the 
regeneration efficiency is slightly higher with AlCl3 than FeCl3. The reason is possibly that the 
solubility product of Al(OH)3 is higher than that of Fe(OH)3 by five orders of magnitude. During 
regeneration, more Al(OH)3 could be dissolved and rinsed out at the same pH. Less precipitate 
residual will block the ion exchange site from removing hardness. So AlCl3 is used as regenerant 
in the future experiments. 
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However, for both regenerants, carbon dioxide will form during the service cycle. Figure 4.10 
shows the bubbles generated inside the column. It is CO2 gas generated by reaction between 
alkalinity and acidity as follows: 
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Al
22222222222222222222  3Ca
 → 3R − SO	Ca
222222222222222222222  2Al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Figure 4.10 CO2 bubbles produced inside the column due to the reaction between alkalinity and 
acidity.  
Such reaction is able to partially desalinate the feed water as shown in Figure 4.11. The 
conductivity reduced from above 1500 uS to about 500 uS. From an economic perspective, it is 
practical to replace RO with such technology to remove salinity to an acceptable level for water 
with relatively low TDS. However, more cycles are needed to prove that: i) the divalent/trivalent 
metal ion used as regenerant will not block the ion exchange site; ii) the bubbles generated inside 
the column have no influence on the removal process in the long run. 
85 
 
 
Figure 4.11 Conductivity reduction of treated water due to aluminum precipitation and alkalinity 
removal. 
4.4 SAC-Al Process 
4.4.1 Service Cycle 
Hardness is still a concern for many industrial usages, such as in boilers, dye processes, and power 
plants. Thus, there is a pressing need for a sustainable, environmental friendly approach to dealing 
with such issues. 
A feasible solution is to use high-valent aluminum ions and iron ions as regenerants to reduce the 
amount of sodium ions added, thus controlling the salinity of water bodies. In order to verify whether 
this kind of process is working, several experiments were conducted to test the isotherm between 
aluminum and calcium. Figure 4.12 shows the test result. 
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Figure 4.12 The isotherm of C145 at a total concentration of the solution is 10 meq/L. 
The aluminum precipitate will partially block the ion exchange site resulting in capacity reduction 
during the long run. Figure 4.13 shows the effluent calcium history for nine cycles. After each 
service cycle, the column was regenerated with 3% AlCl3 solution. The total calcium removal 
capacity reduced after each cycle until the whole system reached steady state, which is at the 
seventh cycle. At steady state, the capacity of the resin was significantly reduced, and the column 
started breakthrough at about 100 bed volumes. 
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Figure 4.13 The ion exchange capacity change for 9 cycles using 3% AlCl3 as regenerant. 
The reason that the capacity reduced greatly is that the aluminum hydroxide precipitate formed 
inside the pore structure could block the ion exchange sites. Under acidic pH, the positive surface 
charge of Al(OH)3 could resist calcium ions from reaching the ion exchange sites. If there is no way 
to dissolve the aluminum precipitation in the pores, the hardness removal system will stop working 
after six service cycles. 
Hydrochloric acid was added to the regenerant to help dissolve the aluminum precipitates. A certain 
amount of AlCl3 was added to 0.5% HCl solution to produce a regeneration solution with 0.5% AlCl3 
and 0.5% HCl. The idea is to dissolve Al(OH)3 in the pore structure, the dissolved Al3+ could then 
regenerate the column. Figure 4.14 shows the effluent history of calcium for five cycles using 0.5% 
AlCl3 and 0.5% HCl as regenerant. The system reached steady state at the second cycle, while the 
capacity of resin reduced from 1.4 meq/g to 1.2 meq/g. However, the equivalent of AlCl3 used for 
regeneration is much lower than that of NaCl. The equivalent ratio of AlCl3 used and Ca2+ removed 
is about unity. 
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Figure 4.14 The ion exchange capacity change for 5 cycles using 0.5% AlCl3 and 0.5% HCl as 
regenerant. 
It is worth noting that the SAC-Al process will not add sodium to treated water during hardness 
removal. Figure 4.15 shows the calcium and sodium history for two consecutive cycles. Effluent 
sodium concentration was lower than that of the influent for about 50 bed volumes due to dilution 
with the rinsing water. After that, the effluent sodium concentration is consistent as that in the 
influent. 
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Figure 4.15 The calcium and sodium concentration during two consecutive SAC-Al cycles. 
4.4.2 Regeneration Cycle 
Figure 4.16 shows the accumulation of aluminum hydroxide in the resin phase during regeneration. 
For the first four cycles of regeneration, aluminum was precipitated and accumulated inside the 
resin. However, the aluminum in the effluent equals that in the feed after the 5th cycle. It illustrates 
that the aluminum precipitate formed inside the resin phase reached steady state, where no more 
aluminum was accumulated. As a result, the hardness removal capacity remains identical. More 
regenerant solution was fed through to dissolve the aluminum precipitate at the 5th cycle. As a 
result, more aluminum chloride cannot recover more capacity during the next cycle. The dissolution 
of aluminum precipitation by AlCl3 is not thermodynamically feasible. However, aluminum will not 
accumulate in the resin after the 5th cycle, which is defined as steady state in the process. 
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Figure 4.16 Total amount of aluminum in the influent and effluent during regeneration. 
The amount of aluminum consumed during regeneration and calcium removed during service cycle 
was also calculated. As shown in Figure 4.17, the amount of Al3+ consumed and Ca2+ removed 
was shown on an equivalent basis. The aluminum consumption was reducing until the 5th cycle, 
where the precipitate in the pore structure reached steady state. The ratio is around 1 for all eight 
cycles. It is a significant reduction compared with sodium based salt regeneration. However, more 
experiments are needed to verify the feasibility and sustainability of using aluminum salt as the 
regenerant for softeners. 
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Figure 4.17 Total amount of aluminum consumed during regeneration and calcium removed during 
service cycle. 
Figure 4.18 shows the ratio between aluminum ion consumed and calcium ion removed.  As we 
can see, the equivalent of aluminum consumed is the same or slightly higher than that of the 
calcium removed during the operation, indicating that the thermodynamic limit of the reaction can 
be approached during the process. 
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Figure 4.18 The equivalents of aluminum used during regeneration and equivalent of calcium 
removed during service cycle. The ratio is around 1 for 8 consecutive cycles. 
Figure 4.19A shows elution of calcium during two successive regenerations by 3% AlCl3 for 6 BVs; 
the bed was then rinsed with 3 BVs of the calcium-containing influent solution. During both 
regenerations, 86% of calcium on the bed was recovered and the effluent pH followed identical 
trends. As shown in Figure 4.19B, the pH value dropped to pH 3.5 during regeneration for 6 BVs, 
followed by an increase during rinsing. Note that when the pH reached the minimum value (pH 3.5), 
regeneration was completed; pH can thus be a surrogate indicator for complete regeneration of 
SAC-Al. 
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Figure 4.19 Effluent history of (A) calcium and (B) pH during SAC-Al regeneration by 3% AlCl3.  
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4.5 Advantage of SAC-Al 
4.5.1 SAC-Al Operates at Nearly 100% Thermodynamic Efficiency 
Figure 4.20 shows the regeneration efficiency, RE, for 3 consecutive cycles for both SAC-Na and 
SAC-Al softening processes. RE stand for equivalents of regenerant consumed per equivalent of 
hardness removed. The RE was nearly 8.5 for Na-cycle softening, while it was close to unity for the 
Al-cycle. Stoichiometrically, an RE value of unity is the thermodynamic limit for ion exchange 
processes and Figure 4.20 validates that no excess regenerant was required during regeneration 
with AlCl3. 
 
Figure 4.20 Comparison of three consecutive cycles of regeneration efficiency of SAC-Na, and 
SAC-Al process. 
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4.5.2 SAC-Al Operates with a Similar Hardness Removal Capacity 
Figure 4.21 shows that the hardness removal capacity for the SAC-Na process was approximately 
20% greater than that of the SAC-Al process. Since aluminum ions precipitate during ion exchange 
and remain in the pores of the resin matrix, part of the ion exchange functional groups could be 
blocked. Such blocking can cause a reduction of the capacity during hardness removal. 
 
Figure 4.21 Comparison of three consecutive cycles of hardness removal capacity of SAC-Na, and 
SAC-Al process. 
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4.5.3 No Sodium Added to the Softened Water 
Figure 4.22 shows two consecutive cycles of the SAC-Al process with influent water analysis. The 
sodium concentration in the finished water equals that in the feed water, which confirms that no 
additional sodium is added to the finished water during such softening process. 
 
Figure 4.22 Two consecutive runs of SAC-Al process shows no sodium addition to the treated 
water. 
Figure 4.23A shows two consecutive effluent histories during SAC-Al treatment using Purolite 
C145. All other conditions were identical as the Na-cycle column runs presented previously, 
namely, influent composition, empty bed contact time (EBCT) and superficial liquid velocity (SLV). 
Two observations from Figure 4.23A are worth noting: first, calcium, although removed for nearly 
400BVs, broke through early and gradually; second, sodium in the treated water never exceeded 
the influent concentration. Note, during the first 50BVs the sodium concentration in the treated 
water was slightly less than that in the feedwater. Figure 4.23B compares the conductivity of the 
feed and treated water between the SAC-Na and SAC-Al processes under identical conditions, a 
surrogate parameter for total dissolved solids. Treated water conductivity was noticeably lower after 
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SAC-Al versus the influent water or after SAC-Na treatment. Conductivity decreased from an 
influent of 1750 µS to an average of 1300 µS in the SAC-Al treated water- a 25% reduction. Two 
additional column runs, each followed by AlCl3 regeneration, yielded nearly identical effluent or 
breakthrough histories with respect to calcium, sodium and conductivity. 
 
Figure 4.23 Effluent history of (A) sodium and calcium during SAC-Al treatment over two cycles; 
and (B) conductivity during SAC-Na and SAC-Al treatment. 
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4.5.4 pH as Surrogate Indicator for SAC-Al Regeneration 
Figure 4.24 shows the 6th and 7th cycle of the SAC-Al process. During the service cycle, the 
concentration of calcium followed a very similar trend to that of the pH. Once pH went up to 7.0, 
the ion exchange reactor is also broken through. Analogously, during the regeneration cycle, 
calcium ion is exchanged out while pH is reducing from 7.2 to 3.5 gradually. The column is fully 
regenerated once the pH dropped to 3.5, where the regeneration should be stopped. When the 
system reaches steady state, the breakthrough curve and regeneration curve are explicitly identical 
for each cycle. Here pH could be monitored as a surrogate indicator for SAC-Al process, which will 
notably reduce the complexity and cost for real world applications. 
 
Figure 4.24 Two consecutive cycles of service and regeneration for SAC-Al process indicating that 
pH can be used as a surrogate indicator for SAC-Al process. 
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4.5.5 Aluminum Precipitation Will Reach Steady State Quickly and be Used as Adsorbent for Trace 
Contaminants Removal 
Figure 4.25 shows the mass balance during AlCl3 regeneration: there was an absence of any 
aluminum accumulation in the bed, that is, the process was at steady state after several cycles of 
operation, as there was no buildup of aluminum. 
 
 
 
Figure 4.25 Aluminum mass balance of three consecutive cycles of during SAC-Al regeneration. It 
shows that the process already reached a steady state. 
It is worth noting that the aluminum hydroxide precipitated inside the resin could also remove other 
contaminant in the water, namely, fluoride, phosphate, and silica, which could be used as a 
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pretreatment in many other processes, such as reverse osmosis, and forward osmosis. Figure 
4.26 shows the SiO2 history in the treated water. SiO2 was removed nearly 50% for over 200 bed 
volumes. 
 
Figure 4.26 The effluent history of SiO2 during the service cycle of SAC-Al process. 
Figure 4.27 shows the effluent history of fluoride in the treated water. During the removal of 
calcium, the fluoride could also be removed to meet the drinking water standard. 5 mg/L of fluoride 
was spiked into the hard water sample, and after 250 bed volumes, the effluent fluoride 
concentration is still under 1.5 ppm. The precipitated aluminum hydroxide is a very good adsorbent 
for fluoride removal, which has been reported in the open literature403–407. 
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Figure 4.27 The effluent history of fluoride during the service cycle of SAC-Al process. 
Once combined with HAIX-NanoZr as a post treatment, SAC-Al can remove fluoride for over 11,000 
bed volumes to meet the WHO standard. Figure 4.28 shows the effluent pH and concentration of 
fluoride, where SAC-Al was filled in the 1st column and HAIX-Zr was filled in the 2nd column. 
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Figure 4.28 The effluent history of fluoride and pH with HAIX-NanoZr as post treatment. 
Figure 4.29 shows the phosphate removal during the process. The first column filled with a weak 
acid cation exchanger in the hydrogen form is regenerated with 0.5% HCl solution at each vertical 
line. Over 90% of phosphate was removed over 400 bed volumes of the treatment process, which 
showed a higher capacity than those adsorbent reported elsewhere408–412. 
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Figure 4.29 The effluent history of phosphate during the service cycle of SAC-Al process. 
4.5.6 SAC-Al Process Can Partially Desalinate the Treated Water 
During hardness removal, Al3+ comes out will form precipitation thereby removing alkalinity of the 
influent. Figure 4.30 shows the pH and bicarbonate concentration for one SAC-Al cycle. 
Bicarbonate was reduced from 11.5 meq/L to about 9 meq/L, which is over 20% removal, for over 
800 bed volumes. The pH for the first 200 bed volumes of treatment is gradually increased from 
4.0 to 7.5. 
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Figure 4.30 The effluent history of bicarbonate and pH during the service cycle of SAC-Al. Over 
20% of bicarbonate was removed. 
Figure 4.31 shows the conductivity for both influent and effluent. It confirmed that the removal of 
alkalinity and exchange between calcium and aluminum can significantly reduce the TDS from over 
1600 uS to 700 uS. However, the partial desalination efficiency could be different with different 
influent water analysis. The TDS reduction during SAC-Al process is highly dependent on the 
concentration of alkalinity. Higher alkalinity will lead to more TDS removal. 
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Figure 4.31 Conductivity has been greatly reduced during the treatment of hardness. 
4.5.7 Alleviate Water Scarcity for Arid Regions 
This technology could solve the hardness removal problem in arid areas, such as California (Figure 
4.32). The excess amount of high salinity brine has been causing water quality problems for the 
past several decades due to climate reasons. Sodium chloride based water softeners have been 
banned to protect local water quality. However, industries such as power stations, boilers, and 
textile factories still have demand for hardness removal. The SAC-Al process could be very suitable 
for use in such areas. 
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Figure 4.32 The SAC-Na process has been banned in several arid places, such as California to 
protect local ecologic systems. The SAC-Al process could be applied to solve hardness problem 
while reduce the waste regerant TDS. 
4.6 Concerns of SAC-Al 
4.6.1 Aluminum Leaking during Service Cycle 
In summary, the SAC-Al process could significantly reduce the usage of regeneration chemicals 
while maintaining a high hardness removal capacity. However, as aluminum ion has a stricter 
standard in the water, it is important to know if there is any leaking during the treatment process. 
So, the aluminum concentration in the effluent was tested. 
Figure 4.33 shows the aluminum leaking test under different pH ranges from 2.14 to 12.13. Sample 
was withdrawn from the beaker after no pH change for at least 2 minutes. Aluminum started to 
precipitate at pH= 4.0. At pH over 11, aluminum precipitate starts to dissolve. The pH during 
regeneration cycle is around 3, where aluminum precipitation might be dissolved and leak out 
during service cycle. 
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Figure 4.33 Aluminum leaking test at different pH conditions. 
Figure 4.34 shows the aluminum concentration tested under each pH condition. As shown in the 
photos, aluminum is insoluble from pH 6 – 9. However, the pH during the service cycle is around 5 
to 6, where aluminum leakage is likely to exist in the treated water. 
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Figure 4.34 Aluminum leakage concentration under different pH conditions. 
Figure 4.35 shows the aluminum concentration in the effluent during service cycle. 
 
Figure 4.35 The concentration of aluminum in the effluent during service cycle with/without post 
treatment. 
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For the first 100 bed volumes, the aluminum concentration is above standard for all the cycles. 
However, the aluminum could be fully removed after adding a simple post treatment SAC in sodium 
form. 
4.6.2 Aluminum precipitation formed inside the resin 
However, the amount of aluminum precipitated in the resin highly depends on the pH control during 
regeneration. If only 3% AlCl3 is used as the regenerant, a large amount of aluminum hydroxide 
precipitated in the resin pore structures will affect the ion exchange capacity. Moreover, it will take 
a long time for accumulated aluminum deposits inside the resin thus extending the time for the 
entire system to reach steady state. 
If a certain amount of acid is added to the regenerant, the lower pH could partially dissolve 
aluminum hydroxide thus shortening the time period for the system to reach steady state. Figure 
4.36 shows the capacity change of resin using different regenerants. The capacity is the same for 
six consecutive cycles using NaCl as regenerant, which confirms that sodium chloride has the best 
recovery during regenerantion. If 3% of AlCl3 is used as the regenerant, the ion exchange capacity 
will drop significantly from about 1.6 meq/g to less than 0.5 meq/g. The aluminum will precipitate 
during the service cycle and cannot be dissolved during regeneration. The aluminum hydroxide will 
block the ion exchange sites while less calcium could be removed. Moreover, Al(OH)3 will show 
positive surface charge that resists other cations to move inside. Once 0.5% of HCl is added in the 
regenerant, the system reached steady state at the second cycle, and the capacity only dropped 
from 1.4 meq/g to 1.2 meq/g. Higher acid concentration or longer detention time could possibly 
dissolve more aluminum precipitate thus achieving higher capacity. Moreover, the usage of AlCl3 
can be further reduced during regeneration. 
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Figure 4.36 Capacity of resin using three different regenerant. 
To confirm that it is the aluminum precipitate formed in the pore structure that impacts the capacity 
of the resin, SEM pictures of sliced resin beads before and after regeneration were taken. Figure 
4.37 shows the pore structure of exhausted resin and regenerated resin. Most of the pores were 
filled with aluminum precipitate and the ion exchange site was blocked. However, the 0.5% HCl 
solution could dissolve most of the precipitate thus recovering the ion exchange capacity in the 
next run. Only about 15% ion exchange sites cannot be recovered. 
 
Figure 4.37 The pore structure of exhausted resin (left) and regenerated resin (right). 
111 
 
To fully understand the dissolution of aluminum precipitation and the regeneration efficiency of 
calcium, EDX-mapping was taken. Figure 4.38 shows the EDX-mapping and EDX-spectrum of 
calcium and aluminum in the resin phase. As shown in the mapping, there is aluminum precipitate 
formed inside the resin after the service cycle. The regeneration process could remove most of the 
calcium ions and put the resin back into the aluminum form. However, the ion exchange site located 
in the core of the resin was blocked and no aluminum ion detected. 
 
Figure 4.38 EDX-mapping and spectrum of exhausted (top) and regenerated (bottom) resin. 
In summary, the SAC-Al softening process was able to significantly reduce brine usage while 
maintaining similar hardness removal capacity. Figure 4.39 provides an overview of the proposed 
Al-cycle softening process, namely, the absence of sodium in the spent regenerant and the partial 
reduction of TDS and constant sodium concentration in the treated water. This new cation 
exchange softening process using strong acid cation exchange resin in Al-cycle, as presented in 
this study, overcomes key shortcomings of the traditional Na-exchange process. Various attributes 
of the process now warrant further investigation and validation through field-scale studies. 
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Figure 4.39 Schematic overview of water hardness treatment by SAC-Al and regeneration with 
AlCl3. 
4.7 Real-World Application 
Due to the operation stability, low cost, and high removal efficiency, such technology is favorable 
for real-world applications. A textile company, and a wastewater reuse company in China have 
shown great interest to use such processes for both hardness removal and partial desalination. 
Figure 4.40 shows the pilot-scale experimental setup. It is worth noting that chromaticity was 
simultaneously removed during the softening process (Figure 4.41). The industrial effluent has a 
conductivity over 6 mS (Figure 4.42), while after treatment, the conductivity reduced to 146.8 µS 
(Figure 4.43). 
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Figure 4.40 A pilot-scale partial desalination experiment in Shandong Province. 
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Figure 4.41 Comparison of feed water (bottom) versus treated water (top). 
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Figure 4.42 The feed water has a conductivity of 6.05 mS. 
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Figure 4.43 The treated water has a conductivity of 146.8 µS. 
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In many regions of China, the shortage of water has constrained the development of local industries 
and even affected the lives of residents. Such technology can not only alleviate water shortage 
crises, reduce water costs, but also help improve local water sanitation and people’s health. Over 
a million cubic meters of low TDS (2000 ppm) water is dumped into sewage in a single city in 
Shandong, China. After hardness removal and partially desalination, the finished water could be 
recycled for industrial and agricultural usage, which could promote such technology to be applied 
widely. 
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Chapter 5 Self-Regenerating Process for Marcellus 
Flowback Treatment 
5.1 Using AMD as a Fresh Water Resource for Hydraulic Fracturing 
5.1.1 Sulfate Standard for Reuse 
Acid mine drainage (AMD) water has become a great concern due to its adverse effects on human 
health and aquatic lives413. In addition, the presence of sulfate ion in the AMD water becomes a 
concern for hydraulic fracturing because the high potential of scaling problems in the shale 
formation, which has plenty of radium, barium, and strontium. Those divalent ions have low 
solubility products with sulfate and the precipitate formation is fast. Therefore, sulfate concentration 
in fracking fluids is strictly limited. Studies have been done to demonstrate that it takes over 10 
hours to reach equilibrium when directly mixing AMD with produced water414. Other researchers 
reported that barite precipitation would reach equilibrium within 30 minutes when excess sulfate is 
added415. As it is meaningful to minimize the size and volume of a treatment tank, directly blending 
of AMD with flowback water is not suitable for real world applications. 
Figure 5.1 shows the concentration of sulfate at equilibrium when directly mixing AMD with 
flowback. Sulfate analysis reveals that barium precipitates rapidly and reaches equilibrium in a very 
short period. Even sulfate concentration is mostly below 100 mg/L, there is still high potential for 
scaling in the shale formation during hydrofracking.  
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Figure 5.1 Sulfate concentration for various experimental conditions with directly blending AMD 
with flowback water289. 
The sulfate concentration will decrease as barite formed in the reaction tank, thus leading to 
reduction of the saturation index (SI). The nucleation rate and seeded growth rate are depressed 
when SI decreased. The sulfate consumption rate is plotted versus the saturation index in Figure 
5.2. The sulfate consumption rate remains low with SI < 2.5. However, the consumption rate 
increased sharply when SI increased to above 4.0. This result suggested that high initial sulfate 
concentration, or high saturation index, will significantly increase the reaction kinetics, thus 
reducing the volume of the reactor tank. However, the leftover sulfate in the liquid will exceed the 
sulfate limitation for hydraulic fracturing. Therefore, there is a balance for smaller size reactor or 
better sulfate removal efficiency. AMD and flowback from different locations and different time 
periods showed different components and concentrations. A single mixing tank design will not fulfil 
the task to treat and reuse all kinds of AMD and flowback. 
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Figure 5.2 Sulfate consumption rate as function of saturation index289. 
Through ion exchange, sulfate concentration in AMD water was reduced to non-detectable for over 
200 bed volumes (Figure 5.3). The empty bed contact time (EBCT) is maintained at about 5 
minutes. Therefore, the treatment capacity could be simply modulated by the size of the reactor 
regardless of different sulfate concentration. Through ion exchange technology, the treatment to 
reuse AMD water as a make-up water resource exhibited more simplicity and controllability over 
directly mixing.  
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Figure 5.3 Sulfate history during AMD cycle using HFO doped A850 from Purolite. 
5.1.2 Locations and Transportation Distance 
The location of both shale gas wells and AMD streams need to be investigated because the long 
distance between those two sites could lead to high transportation fees and environmental 
problems such as leakage, and road corrosion. As shown in Figure 5.4, the location of AMD water 
is close to that of the shale gas wells, which will greatly reduce the transportation fee either by 
trucking or pipe. However, the mixing ratio remains a problem for directly mixing of the two-water 
bodies. 
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Figure 5.4 The location of Marcellus shale region and acid mine drainage (AMD) streams. 
5.1.3 Sufficiency of AMD storage in Pennsylvania 
It has been estimated that over 8,000 km of streams are adversely affected by acid mine drainage 
in Pennsylvania416,417. The average discharge of river water in Pennsylvania is 2,000 cubic ft per 
second, which is 190,000,000 cubic meters per day. More than enough water impacted by AMD is 
produced daily. The sulfate concentration ranges from 50 to 2000 ppm, while pH ranges from 2.5 
to neutral240,247,250,418–422. 
For each cubic meter of flowback treated, the volume of AMD treated range from 20 to 200 cubic 
meters, which will meet the usage for makeup water for hydraulic fracturing. 
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5.2 Using AMD as a Sulfate Resource to Treat Flowback 
Scholars have shown that marginal waters, which cannot be used for domestic or agricultural 
purpose, could be used as another water resource for unconventional natural gas development 
with several advantages1,198. Mixing of AMD water and flowback could reduce the regulated ions in 
both water bodies (sulfate, and iron in AMD water; radium, barium, strontium, and calcium in 
flowback) due to the formation of low solubility salts413. However, the quantity and quality for both 
AMD water and flowback varies with different locations and technologies. Directly blending of the 
two might take a large number of experiments to obtain the best result. This is impossible in 
industrial usage as the mixing ratio could be changed daily, or even hourly. Moreover, it is a great 
challenge to mix the two-large water bodies evenly. Thus, to use such low-quality water streams in 
real industrial production, a more low-cost, and easily-controlled technique is urgently requested. 
Figure 5.5 illustrates the process of treating the flowback and produced water using AMD water 
via a novel ion-exchange method. When compared with using freshwater, using AMD water will 
greatly reduce the water usage pressure in areas such as New York. The reuse of waste streams 
will also reduce the impact on environmental systems and the industrial cost. Currently, the 
flowback water was mostly sent to deep well injection. A limited amount of disposal wells are 
located close to drilling field, so most of the flowback water need to be injected was trucked to Ohio 
state for disposal. With this self-regenerating ion exchange method, most of the flowback could be 
treated and meet the reuse standard. A small percentage of the waste stream will need to be treated 
or sent for deep well injection. 
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Figure 5.5 A sketch illustrate the procedure to treat flowback using acid mine drainage (AMD). 
On the other hand, the amount of water used for horizontal drilling and hydraulic fracturing for each 
gas well in the Marcellus region varies between 2 – 7 million gallons213 (8000 – 27000 m3). The 
volume of water treated by directly blending could be different from what was needed for the specific 
gas well. In such a scenario, people either need to find another fresh water resource to fill in the 
gap of water shortage or they need to treat/dispose of some of the blended water. 
On an equivalent basis, the concentration of sulfate ion in the AMD water range from 150 mg/L to 
2000 mg/L in the Marcellus region1,110,198,423. The equivalent concentration could be calculated with 
the following equation: 
I. = JLM × JℎFOI 
The equivalent range of sulfate in AMD water could be calculated as: 
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I. = JLM × JℎFOI = 150	NO/T96	NO/NNP × 2NI.T = 3.125	NI./T 
I. = JLM × JℎFOI = 2000	NO/T96	NO/NNP × 2NI.T = 41.67	NI./T 
The equivalent concentration of sulfate in the AMD water is 3 – 42 meq/L. 
From the open literature, the barium concentration varies from 0.24 – 17,000 mg/L, and the average 
concentration of barium is 2224 mg/L1,106,110,178,188,198,292. The equivalent concentration can be 
calculated using the same equation: 
I. = JLM × JℎFOI = 2224	NO/T137.33	NO/NNP × 2NI.T = 32.39	NI./T 
I. = JLM × JℎFOI = 0.24	NO/T137.33	NO/NNP × 2NI.T = 0.003	NI./T 
I. = JLM × JℎFOI = 17,000	NO/T137.33	NO/NNP × 2NI.T = 247.58	NI./T 
The equivalent concentration of barium is between 0.003 – 247.58 meq/L. 
From the above calculation, the ratio between AMD and flowback could range from 0 – 82. For 
each well, the volume of AMD water could be as large as 400,000 m3. Under such circumstances, 
it is impossible to use this technology as it will produce more wastewater than it treated. 
To treat the flowback water sample collected from Williamsport, PA, the volume model of AMD 
water needed with different sulfate concentration was developed. The AMD sample collect from 
Hazleton, PA has a sulfate concentration about 175-195 mg/L. If this is the AMD source to be used 
for direct mixing, the final volume to precipitate all the barium, strontium, and radium is calculated 
to be 90-fold more than the treated water (Figure 5.6). Even as the sulfate concentration of AMD 
water is over 2,000 ppm, the finished water volume is increased over 20 fold.  
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Figure 5.6 A model of final volume to precipitate radium, barium, and strontium in Marcellus shale 
flowback water collected from Williamsport, PA using acid mine drainage (AMD) water by direct 
mixing. 
In this case, ion exchange technology could be applied as shift between AMD water and flowback. 
There is no contact between the two streams, but the environmental regulated ions could be 
removed accordingly. 
There are two strategies for using an ion exchange technique in this scenario: 
1. Use cation exchanger to collect Ra, Ba, and Sr cations and then use concentrated NaCl 
solution to regenerate the divalent cations. Then the waste regenerant is mixed with acid 
mine drainage (AMD). 
2. Use anion exchanger to collect sulfate ions in the AMD water, then pass flowback water 
through to regenerate the sulfate ions with concentrated chloride ion. The sulfate ion 
coming out can precipitate the divalent ions. The anion exchanger is in chloride form and 
ready for the next AMD cycle. 
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When comparing these two strategies, the anion exchanger is more favorable while eliminating the 
usage of concentrated sodium chloride solution. Moreover, no additional chemicals are necessary 
for treating either flowback or AMD water. The self-regenerating process takes advantage of 
concentrated chloride ions in the flowback water to regenerate sulfate ion, while AMD cannot 
directly be used as regenerant in the first strategy due to the low sodium concentration. 
It is intelligent to use an ion exchange technique as a bridge to treat both AMD and flowback, while 
transfering AMD water to a freshwater resource for hydraulic fracturing. The treated AMD and 
flowback are separate water bodies, which could be either reused or sent back to the AMD site. 
For a specific well site with low water usage from an AMD resource, the anion exchanger could be 
trucked to the AMD site and collect sulfate ions and only take the resin back. Then the resin 
exhausted with sulfate could be used to precipitate barium, strontium, and radium on the gas wells. 
To sum up, using AMD to treat flowback with an anion exchanger can minimize the usage of fresh 
water or additional chemicals. 
5.3 Ion Exchange Resin Properties 
5.3.1 Resin Density 
The high concentration of TDS of flowback delivered a high specific gravity, which disable the 
application of most if not all resin species. By doping HFO/ZrO nanoparticles inside the resin, the 
material could be used for a typical ion exchange column. The immobilized iron oxide nanoparticles 
were proven to be good for Lewis base removal424. Figure 5.7 shows the photo of immersing HFO 
doped anion exchanger and parent anion exchanger into a flowback sample collected from 
Williamsport, PA. Their specific gravity was measured by the methods described in Chapter 3 and 
showed in Table 5.1. The specific gravity of HFO doped resin (1.35) is higher than that of the 
flowback water (1.16), while the parent anion exchanger exhibits the lowest specific gravity (1.08). 
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Increasing the specific gravity of the resin beads is important in this process as the system needs 
to be run upward during the flowback cycle to wash out all the precipitate formed immediately in 
the column while keeping the resin beads inside the column. This process cannot be accomplished 
by using downward flow because the glass fiber put at the bottom to prevent the resin beads from 
leaking will be clogged quickly by the barium, strontium, and calcium precipitation formed inside 
the column. 
 
Figure 5.7 The specific gravity comparison between parent anion exchanger, Marcellus flowback, 
and HFO doped anion exchanger. 
The settling velocity of both parent resin and HFO doped resin in deionized water and flowback 
water was measured with a stop watch and a ruler. The data are recorded in the following table. 
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Table 5.1 The settling velocity of two resins (HAIX-Fe and Purolite A400) in DI and Marcellus 
flowback 
 
DI water Marcellus water 
  
HAIX-Fe A400 HAIX-Fe A400 
Settling time (s) for 1st trial 15.62 40.65 18.88 cannot fall 
                                   2nd trial 16.03 42.78 21.88 cannot fall 
                                   3rd trial 15.38 39.78 19.75 cannot fall 
Average settling time (s) 15.68 41.04 19.99 - 
Settling velocity (cm/s) 4.15 1.58 3.25 - 
By Heywood tables, assume the density of DI water is 1000 g/L, the viscosity is 0.01 Pa*s, the resin 
bead diameter is 0.5 mm, the settling velocity of parent resin in deionized water is 0.00109 m/s. 
The Reynolds number is 0.0545425–430. 
The settling velocity of HFO doped resin in deionized water is 0.004628 m/s. The Reynolds number 
is 0.2314. 
The settling velocity of HFO doped resin in flowback water is 0.00258875 m/s. The Reynolds 
number is 0.1501475. 
The settling velocity of parent resin in flowback water is 0 because the specific gravity of flowback 
is higher than that of the parent resin. 
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Figure 5.8 Comparison of falling velocity of HIX-NanoFe in tap water and Marcellus shale flowback 
The experimental results are very close to the calculation by Heywood tables. By knowing specific 
gravity of the resin beads and flowback water, Heywood method could be used to model the settling 
velocity without conducting any experiment431. 
5.3.2 Resin Capacity 
The doped metal oxide nanoparticles will possess different charges under different solution 
conditions432. For example, at higher pH, the surface shows negative charge, while at lower pH, 
the surface shows positive charge. The surface charge might influence the ion exchange efficiency 
or capacity of the resin beads. Both flowback and AMD water appear to be acidic due to their 
formation. The metal oxide nanoparticles will show positive charge surface, which will attract the 
anions to approach the ion exchange site. The attraction will increase the kinetic of ion exchange. 
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However, the precipitated metal oxide particles could block some of the ion exchange site thus 
preventing the ion exchange to happen. The capacity of the resin beads might be reduced. 
To examine the kinetics and capacity change before and after doping with metal oxide 
nanoparticles, 5 mL of the same resin beads before and after doping metal oxide were filled into a 
7-mm diameter column to test the capacity. 
The capacity of HFO doped A850 is slightly decreased compared with the parent resin. Figure 5.9 
shows the effluent history of HFO doped A850 and parent A850. The column start breakthrough 
around the same number of bed volumes. However, the mediated A850 followed a sharper 
breakthrough. A sharper breakthrough illustrates that the ion exchange kinetics is improved. The 
doped HFO nanoparticles might occupy some of the pore structures thus disabled some of the ion 
exchange site. 
 
Figure 5.9 The ion exchange capacity before and after doping HFO nanoparticles 
132 
 
The capacity is reduced after doping HFO nanoparticles. However, the consecutive two runs show 
the same capacity, which confirms that the resin could be reused for cycles without losing HFO 
paticles. The sharper breakthrough curve indicates increased kinetics after doping HFO 
nanoparticles inside the pore structures of the resin beads. The surface charge introduced by the 
nanoparticles could increase the ionic strength. The deeper ion exchange sites, which need a 
longer pathway to reach, could be blocked by the HFO nanoparticles more easily. The shallower 
ion exchange sites, which are not blocked or influenced by the HFO particles, show faster kinetics 
during the operation cycle. 
By integrating the area under the curve of the effluent sulfate history, the capacity could be 
calculated. The capacity of HFO doped ion exchange resin was calculated to be 0.91 eq/L. The 
capacity of parent C145 was calculated to be 1.1 eq/L. 
5.3.3 Isotherm Test of Modified Anion Exchanger 
The isotherm of the parent anion exchanger was already tested by a previous Ph.D student, Ryan 
Smith. However, the HFO/HZrO doped anion exchangers were never tested. To understand the 
change made by imbibing metal oxide nanoparticles, the isotherm experiment was conducted by 
controlling the same total concentration while changing the ratio between chloride and sulfate. At 
total concentrations of CT=1, 120, 500, 4000 meq/L, four sets of experiments were conducted, 
respectively, to calculate the selectivity coefficient. Sodium salt was used in all the experiments to 
prevent precipitation. 
5.3.3.1 S/Cl 
From the results of four sets of experiments, the selectivity coefficient value was calculated. At 
lower CT values, lower sulfate ratio was used to obtain more accurate data sets.  
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Figure 5.10 shows the experimental setup to calculate the selectivity coefficient value. Feed water 
with different sulfate to chloride ratios was passed through a 15-mm diameter glass column 
downwards with a constant flow pump. The effluent was collected with a fraction collector with a 
set time interval. The effluent sulfate, and chloride concentration was measured and the total mass 
of sulfur and chlorine in the resin phase was calculated. 
 
Figure 5.10 The experimental setup in the lab to calculate the selectivity coefficient value of specific 
anion exchanger used for flowback remediation. 
At lower CT values, 1 meq/L, and 120 meq/L in this scenario, the resin was initially put in the chloride 
form. Then a solution with 0.1 meq/L SO42-, and 0.9 meq/L Cl- was passed through the column 
downwards. The effluent was collected with a bucket. Sulfate concentration was measured in a 
bucket all together after mixing the solution well. The sulfate concentration was measured to be 1 
mg/L with UV-Vis and 1.213 mg/L with ICP. The chloride mass was calculated based on the 
capacity of the resin beads measured previously. 
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Table 5.2 Isotherm feed constituent and calculated concentration in solid phase at total 
concentration 1 meq/L. 
 x Y 
SO42- Cl- SO42- Cl- 
eq. conc. 0.104 meq/L 0.901 meq/L 1.42 meq 0.4 meq 
Mass conc. 5 mg/L 32 mg/L - - 
Ratio 0.103 0.897 0.78 0.22 
 The solid concentration was calculated with the following equation. 
VPW	X.YZ[IW	P\	 = ] − ^	 	× 	K	 × 	2	NI./NNPLM  
Where C0 is the influent sulfate concentration in mg/L. Ce is the effluent sulfate concentration in 
mg/L. V is the total volume of feed solution in litter. MW is molecular weight of SO42- in mg/mmol. 
In this scenario, the total equivalent of SO42- in the solid phase is, 
_5	NOT − 1.213NOT ` × 	18	T	 × 2	NI./NNP96	NO/NNP = 1.42	NI. 
The chloride concentration in the solid phase is calculated with the following equation. 
X.a = . × Kb − X.c 
Where EqC is the total equivalents of Cl in the solid phase in meq. q represents the capacity of HFO 
doped resin beads, which is 0.91 meq/ml. Vr is the total volume of resin beads in ml. EqS is the total 
equivalents of sulfate in the solid phase which derived from the above calculation. 
Total equivalents of chloride in this scenario can be calculated as follows. 
X.a = 0.91NI.N 	× 2	N − 1.42	NI. = 0.4	NI.. 
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Similarly, when influent sulfate concentration is 0.2 meq/L, chloride concentration is 0.8 meq/L. The 
data are recorded in the following table. A total amount of 18 litters of feed solution was passed 
through the column downwards and collected altogether in a bucket at effluent. The effluent sulfate 
concentration was measured to be 5.787 mg/L by ICP, and 6 mg/L by UV-Vis. Chloride 
concentration in the resin phase was calculated. 
_10	NOT − 5.787NOT ` × 	18	T	 × 2	NI./NNP96	NO/NNP = 1.58	NI. 
Total equivalents of chloride in the solid phase was, 
X.a = 0.91NI.N 	× 2	N − 1.58	NI. = 0.24	NI.. 
Table 5.3 Isotherm feed constituent and calculated concentration in solid phase at total 
concentration 1 meq/L. 
 x Y 
SO42- Cl- SO42- Cl- 
eq. conc. 0.208 meq/L 0.789 meq/L 1.58 meq 0.24 meq 
Mass conc. 10 mg/L 28 mg/L - - 
Ratio 0.209 0.791 0.868 0.132 
 
For sulfate concentration equals 0.3 meq/L, chloride concentration equals 0.7 meq/L. The sulfate 
concentration in the effluent was measured to be 11 mg/L with UV-Vis, while it was 10.632 mg/L 
with ICP. The calculated results are recorded in Table 5.4. 
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Table 5.4 Isotherm feed constituent and calculated concentration in solid phase at total 
concentration 1 meq/L. 
 X Y 
SO42- Cl- SO42- Cl- 
eq. conc. 0.312 meq/L 0.704 meq/L 1.64 meq 0.18 meq 
Mass conc. 15 mg/L 25 mg/L - - 
Ratio 0.307 0.693 0.901 0.099 
From Figure 5.11A, with the range of sulfate concentrations in the AMD water sample collected in 
PA, the resin always shows a higher selectivity towards sulfate. Meanwhile, the total concentration 
of flowback water sample always derived an affinity towards chloride (Figure 5.11B). Thus, the 
resin used in this study for the process will achieve high efficiency during both serving cycle and 
regeneration cycle. From the four sets of data collected, the selectivity coefficient, KSE, could be 
calculated by the following equation. 
Kcd = ecfagfceag × Qh 
The ZrO2 doped A850 shows a similar KSE value as parent A850, which demonstrates that the 
doped metal oxide nanoparticles showed no influence to the ion exchanger’s selectivity. 
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Figure 5.11 Ion exchange isotherm for: A) AMD cycle for typical TDS concentration ranges; B) 
flowback cycle for typical TDS concentration ranges. 
Because there are other ions in the real water sample in AMD streams, experiments were 
conducted with AMD samples to inspect the selectivity coefficient. Figure 5.12 shows the result for 
both the AMD cycle and the flowback cycle. The AMD sample collected from Hazleton, PA, has a 
total concentration around 4 meq/L. The salient parameters were listed in the following table. 
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Table 5.5 AMD water sample analysis 
Constitutes Flowback AMD 
Na+(mg/L) 30,270 35.5 
Mg2+(mg/L) 1,230 29.35 
Ca2+(mg/L) 29,150 32.9 
Ba2+(mg/L) 17,580 - 
Sr2+(mg/L) 6,500 - 
Ra2+(pCi/L) 13,570 - 
Total Iron (mg/L) 53 10 
Cl-(mg/L) 158,750 10.35 
SO42-(mg/L) - 195 
TDS(mg/L) 339,570 1,230 
pH 5.35 4.76 
 
The selectivity coefficient between sulfate and chloride is calculated to be over 8.0 under the 
collected AMD conditions. While under flowback sample conditions, the alpha value is below 0.1, 
which indicates that during the AMD cycle, sulfate is selectively removed, while during the flowback 
cycle, chloride is selectively removed. A previous study ascertained that by mixing resin with 
different functional group and matrix, modified selectivity could be achieved433. Therefore, for 
different water compositions, the resin bed could be modified to fit the use. In this case, selectivity 
reversal could be achieved because of the quality of AMD and flowback. A resin with higher 
capacity is more preferred in the experiment setting. 
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Figure 5.12 The isotherm of sulfate and chloride of A850 tested with AMD, and Marcellus flowback 
water sample collected on site. 
 
5.4 AMD Cycle of Self-Regenerating Process 
5.4.1 Sulfate Removal Efficiency 
Sulfate removal is widely studied for its adverse impact on aquatic ecosystems by increasing their 
acidity, producing odors, raising serious health risks, and corrosive effects to metals and 
concrete434. The ion exchange method for sulfate removal shows great advantage due to its own 
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physical and chemical properties435. However, the regeneration of ion exchange columns requires 
concentrated brine, which could pose serious risks to the environment in arid areas436. The merit 
of high salinity of shale gas flowback and produced water could be used to regenerate the 
exhausted column after the AMD cycle. The effluent after such treatment process without sulfate, 
radioactivity, and scaling divalent ions could be reused for hydraulic fracturing. Such treatment and 
reuse could greatly reduce fresh water usage and wastewater production (Figure 5.13). 
 
Figure 5.13 A sketch illustrates the treatment of flowback water using AMD as a sulfate and water 
resource. 
The commercially available resin was loaded with zirconium oxide or iron oxide nanoparticles to 
increase the specific gravity. Sulfate and arsenic in the AMD water could be removed through the 
hybrid anion exchanger413. After exhaustion, the column is fully in the sulfate form. The column was 
drained and passed through with flowback water. The high chloride concentration changes the 
affinity of the ion exchange site toward sulfate and chloride. Therefore, sulfate is exchanged with 
chloride in the aqueous phase. The released sulfate ion reacts with divalent ions in the flowback 
and precipitates in the solid phase. After separation of liquid and solid, the treated flowback which 
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is free of radioactivity and scaling chemicals is able to be reused in future hydraulic fracturing437. 
Moreover, treated AMD water free of sulfate could be utilized as a make up water resource. 
Five consecutive cycles of AMD treatment show identical effluent history and removal capacity 
confirming that no significant fouling exists in each cycle. The physical strength of resin beads is 
good enough for many cycles (Figure 5.14). 
 
Figure 5.14 Sulfate removal efficiency in AMD water in five consecutive runs of HIX-NanoFe. 
The treated AMD could be partially used as hydraulic fracturing makeup while the rest could be 
discharged to the original site because the regulated ions are removed. However, if the sulfate 
concentration of AMD is high, there could be different issues: 1) The concentration of TDS is too 
high to reverse the resin’s selectivity; 2) AMD water volume is not large enough for make-up. 
Figure 5.15 shows the ion exchange reversal point between sulfate and chloride for a strong base 
anion exchanger with quaternary ammonium functional groups. The total equivalent concentration 
needs to be above 250 meq/L. If half of the TDS is coming from sulfate ions, the sulfate 
concentration is calculated to be above 6,000 mg/L, which is a very unlikely scenario. Moreover, 
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the selectivity of the column could be modified by a mixed resin with different functional groups and 
matrix438. For tertiary amine or mixed primary amine functional groups, the reversal concentration 
occurs at over 2000 meq/L433. 
 
Figure 5.15 Sulfate/chloride selectivity reversal based on different functional group properties. 
Another issue of concern is that the concentration of sulfate is so high that the volume of treated 
AMD water is not enough for hydraulic fracturing makeup. As an assumption, 20% of injected water 
will come back to the surface as flowback water. Thus four times of that volume of AMD is needed 
for makeup. In this case, the sulfate concentration should be more than or equal to 25% of the total 
concentration of radium, barium, and strontium in the flowback water. For the collected flowback in 
the lab, the total concentration of radium, barium, and strontium is calculated to be about 400 
meq/L. Therefore, when sulfate concentration in the AMD water is over 100 meq/L (i.e., 4,800 
mg/L), the volume of AMD treated is not enough for makeup water resource. However, this 
concentration of sulfate is beyond normal sulfate levels in AMD streams414. Therefore, the 
application of ion exchange technology to treat flowback water using AMD will greatly reduce the 
load of sulfate and scaling metals requiring treatment for both AMD and flowbacks. 
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5.4.2 Trace Contaminant Removal 
The sulfate concentration in hydraulic fracturing fluids used for Marcellus Shale is firmly limited to 
below 100 mg/L due to high concentrations of barium, strontium, and calcium386. Precipitates 
formed could block the gas pathways and thus tremendously reduce the productivity. 
Metallic ions, sulfate, and high acidity typically exist in AMD streams and pose a serious hazard to 
aquatic lives and human health, which has been reported worldwide439–445. The stream has a wide 
range of effects including both physicochemical changes and biological impacts. In several cases, 
phosphate ions are present in AMD streams, which need to be treated to prevent further influence. 
These pollutants could transfer to soil sediments without mediation or treatment process446. Both 
physiochemical447 and biological413 methods were applied to mitigate the threat. However, 
biological remediation technology will not fit in this scenario due to the slow kinetics and large 
amount of water usage. A physiochemical treatment is preferred in real-world applications as it is 
more cost effective. Previously, iron oxide and zirconium oxide nanoparticles were widely studied 
for selective arsenic424,448, fluoride449, and phosphate450 removal due to the formation of inner-
sphere complex formation (Figure 5.16 and Figure 5.17). Therefore, HIX-NanoFe or HIX-NanoZr 
can mitigate the sulfate and metallic ions pollution in AMD while using it as a water resource instead 
of fresh water. 
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Figure 5.16 Spiked fluoride in AMD water could be removed to meet the WHO standard for over 
3500 bed volumes. 
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Figure 5.17 Phosphate removal capacity for HFO doped A850 and LayneRT. 
5.5 Flowback Cycle of Self-Regenerating Process 
5.5.1 Flowback and Produced Wastewater Concern 
Wastewaters generated from unconventional natural gas development, namely, produced water or 
flowback water, typically contain high concentrations of salts (i.e., NaCl), residual methane 
gases451, scaling metal ions (i.e., barium, strontium, and calcium), halides (i.e., bromide, iodide, 
and chloride)212, and naturally occurring radioactive materials (NORM), that pose environmental, 
ecological452, and health risks upon inadequate treatment and disposal453. Typical treatment 
technologies of such waters include physical treatment454–469 (i.e., evaporation, crystallization, 
electrodialysis, and deep well injection), chemical treatment (i.e., precipitation, oxidation), biological 
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treatment, and membrane process470 (i.e., microfiltration (MF), ultrafiltration (UF), nanofiltration 
(NF), reverse osmosis (RO), and forward osmosis (FO))471. In-situ reuse of the wastewater could 
reduce the fresh water stress, decrease the treatment and disposal cost, and reduce the risks of 
leaching472. However, it cannot be optimized without a thorough understanding of the reuse 
standard of the water that needs to be treated473. The emulsified oil and grease, divalent scaling 
ions, and suspended solids need to be removed before further hydraulic fracturing474. Research 
was conducted for exploration of water reuse method in other areas such as agricultural 
irrigation475. 
A more promising scaling metal ions removal technology, which is chemical precipitation with 
sulfate, has been suggested and studied in several research groups289,386. However, the final 
volume of treated water is never discussed. The concentrated barium and strontium in flowback 
will consume large amounts of sulfate salt. Furthermore, the slow precipitation kinetics take up to 
10 hours to reach equilibrium414. For the volume of flowback water produced on a daily bases, there 
is a huge need of volume of the reaction tank476. 
Deep well injection is the last-step disposal method for such high salinity water streams in most 
cases. However, the number of Class II disposal wells in Pennsylvania is limited as is new well 
construction due to its complexity, high cost, and longtime period178. On the other hand, a large 
volume of injected high pressure fluids in underground disposal wells is causing unusual seismic 
activity which is causing public concern in many locations268. Novel technology to reuse and treat 
flowback water is highly required for future unconventional energy development475. 
5.5.2 Potential of Ion Exchange Technology 
Ion exchange is widely used in many applications such as hardness removal95,333, heavy metal 
removal477, dissolved organic carbon (DOC) removal57, and trace contaminant removal478. It is also 
used in a catalysis application recently479. Using ion exchange technology can eliminate the 
production of a large volume of treated flowback water or extensive mixing equipment. The 
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experimental setup in the laboratory in Figure 5.18 shows the experimental setup where AMD 
water is contained in a plastic bucket at room temperature. Flowback water is contained in a plastic 
container after aeration and filtration to remove the total suspended solids (TSS). 
 
Figure 5.18 Experimental setup in the laborotary to treat shale gas flowback water using AMD 
One of the barriers to reuse flowback and produced water for hydraulic fracturing is the scaling ions 
in the water such as barium and strontium. On the other hand, using AMD water for hydraulic 
fracturing is also limited by its high sulfate concentration. Once AMD is passed through an anion 
exchanger column, sulfate is removed and collected in the exchanger. The treated AMD without 
sulfate ions could be used as makeup water for hydraulic fracturing. The exhausted column fully in 
the sulfate form can then be used for the flowback cycle to precipitate the scaling ions. Several 
issues need to be studied for such a process to be applied realistically. 
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First, the ion exchange reversal must be performed at specific concentrations to achieve 
regeneration. In this case, the flowback cycle is considered a regeneration of the sulfate ions. 
Because the low solubility product of barium sulfate and strontium sulfate, precipitates will form 
rapidly once two ions in contact. Therefore, precipitates could be formed inside the pore structures 
of the ion exchanger, which could prevent future ion exchange process. 
Second, the transfer between AMD water and flowback water will mix the two waters to some 
extent. The high salinity of flowback should not be brought back to the AMD stream, which could 
have adverse impact to the aquatic ecosystem and water quality. 
Third, the precipitate will be radioactive because radium will co-precipitate with barium and 
strontium. The radioactivity in solids phase depends on the concentrations of radium, barium, and 
strontium. 
Last but not least, there are toxic contaminants in AMD water, such as arsenic and phosphate, 
which could be removed by the hybrid ion exchanger. The high salinity of flowback water might 
regenerate those pollutants and thus contaminate the recycled flowback water. 
This research thoroughly studies the issues listed above while providing a robust solution. 
5.5.3 Ra, Ba, Sr Removal 
The exchanged sulfate will form precipitates with barium, strontium, and radium inside the column 
immediately. Such scaling problems also exists in membrane processes, which causes decline of 
clean water production and membrane failure480. However, precipitates were rarely formed in 
between the resin beads per the laboratory observation (Figure 5.19). Supersaturation occurs in 
this case thus procrastinating the barite formation. The rate of barite formation could be limited by 
two steps: 1) nucleation; 2) crystal growth. There are literatures depicted that organic maters could 
be adsorbed on small crystal seeds thus inhibiting the crystal growth481. Nucleation refers to the 
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formation of a new phase, which is the solid core of crystal in the aqueous phase. If supersaturation 
occurs, or the saturation index is higher than one, lattice ions will associate and form nuclei. Only 
when the cluster grows beyond a critical size will it stably survive and subsequently grow482. 
The two predominant mechanisms of nucleation include homogeneous, which is crystallite 
formation at high supersaturation, and heterogeneous, which is induced by foreign particles or 
impurities at low supersaturation483. In this case, barite formation, which is characterized as a 
homogeneous nucleation process, is limited by two mechanisms: 1) free energy change; and 2) 
the rate of nuclei formation484. From the open literature, the nucleation rate, Jn, is typically given by 
the Arrhenius expression485–489: 
Jj = Aexp−∆mnV  
Where A is the pre-exponential factor describes the efficiency of collisions between ions and 
molecules, ∆m is the free energy change during nucleation, n is the Boltzmann constant, and T is 
the absolute temperature. 
From this equation, a temperature increase will lead to a higher nucleation rate. On the other hand, 
if supersaturation increases, the change of free energy will increase, thus the nucleation rate will 
also increase. Below a critical supersaturation point, the nucleation rate, Jn, will remain zero thus 
no precipitate will form. The region before the new phase finally forms is referred to as the 
metastable region490. 
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Figure 5.19 Precipitation was formed immediately when the solution passed the resin bed. 
One possible reason for prolonged barite formation is because the fixed functional groups with 
positive charges react as compete ions to combine with sulfate in place of barium. It is difficult for 
barium ions with positive charges to approach the ion exchange site with quaternary ammonium 
functional groups. Another possible explanation is that the resin matrix is organic matter which will 
increase the interfacial tension between the crystal and aqueous solution thus prolonging the 
induction time491. Moreover, the crystal growth rate will be inhibited by bonded resin matrix thus 
cannot grow to a visible size32,492,493. 
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The precipitation rate of strontium observed in this study is much higher than what is published 
elsewhere386. One possible reason is that the high concentration of chloride will drain the sulfate 
counter-ion on the exchange site quickly. A high concentration of sulfate will generate thus 
strontium will be precipitated rapidly and thoroughly. 
5.5.4 Detention Time Influence 
Figure 5.20 shows the effluent concentration of barium depends on different empty bed contact 
times. The longest EBCT, 8.5 min, shows the highest barium removal capacity. Barium starts 
breaking through after one bed volume. The bed is totally exhausted after two bed volumes. Under 
this condition, sulfate ion totally exchanged and used to precipitate radium, barium, and strontium. 
However, the effluent barium and strontium concentration after 1.5 bed volume is too high to be 
reused. Moreover, a slow flowrate cannot back wash all the precipitates formed inside the column, 
and the treating system is easily blocked after a short period. 
The total mass of sulfate could be calculated by the removed barium, strontium, calcium, and 
effluent sulfate. The EBCT should be chosen by both the removal efficiency of barium, strontium 
and the usage of sulfate. Assuming the total bed volume is 1 litter, i) under EBCT = 8.5 min, the 
total barium removed is 177.75 mmol; ii) under EBCT = 6.5 min, the total barium removed is 130.35 
mmol; iii) under EBCT = 3.5 min, the total barium removed is 115.5 mmol. 
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Figure 5.20 Effluent barium concentration under different contact times. 
Figure 5.21 shows the effluent sulfate concentration. By integrating the area under the curve, the 
extra sulfate which leaves the bed without precipitating any divalent ions can be calculated. When 
EBCT = 8.5 min, extra sulfate is 23.4 mmol. At EBCT = 6.5 min, extra sulfate is 65.1 mmol. At 
EBCT = 3.5 min, extra sulfate is 11.7 mmol. 
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Figure 5.21 Effluent sulfate concentration under different empty bed contact times. 
Figure 5.22 shows the strontium concentration in the effluent under different EBCT. Up to 1.5 bed 
volumes, the total strontium removed is calculated under each condition: i) when EBCT = 8.5 min, 
total strontium removed is 81.6 mmol; ii) when EBCT = 6.5 min, total strontium removed is 67.5 
mmol; iii) when EBCT = 3.5 min, total strontium removed is 56.3 mmol. 
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Figure 5.22 Effluent strontium concentration under different empty bed contact times. 
Figure 5.23 shows the concentration of calcium in the effluent under different EBCT. Up to 1.5 BV, 
the total calcium removed is 400.3 mmol when EBCT = 8.5 min. When EBCT = 6.5 min, the total 
calcium removed is 266.9 mmol. When EBCT = 3.5 min, the total calcium removed is 80.1 mmol. 
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Figure 5.23 Effluent calcium concentration under different empty bed contact times. 
Figure 5.24 shows the effluent sodium concentration after the self-regenerating ion exchange 
process. Because sodium cannot be removed by the system, the reduction of sodium concentration 
is due to dilution. There is no difference of effluent sodium under different EBCT, therefore, all the 
above divalent ion reduction is due to sulfate precipitation. 
To sum up, the total divalent ions removed under EBCT = 8.5 min is 177.75 + 81.6 + 400.3 = 659.65 
mmol. The extra sulfate in the effluent is 23.4 mmol. The total charge removed under such 
conditions is 706.46 mmol * 2 meq/mmol = 1412.92 meq. 
When EBCT = 6.5 min, the total divalent ions removed is 130.35 + 67.5 + 266.9 = 464.75 mmol. 
The extra sulfate in the effluent is 65.1 mmol. The total charge of sulfate exchanged from the 
column is 1059.7 meq. 
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When EBCT = 3.5 min, the total divalent ions removed is 115.5 + 56.3 + 80.1 = 251.9 mmol. The 
extra sulfate in the effluent is 11.7 mmol. The total charge of sulfate exchanged from the column 
within 1.5 bed volume is 527.2 meq. 
As shown in the previous chapter, the total capacity of the column is calculated to be 1.1 eq/L. The 
efficiency of sulfate usage is 128% for EBCT = 8.5 min, 96% for EBCT = 6.5 min, and 48% for 
EBCT = 3.5 min. 
 
Figure 5.24 Effluent sodium concentration under different empty bed contact times. 
It can be clearly noticed that divalent removed under EBCT = 8.5 min is higher than the total 
capacity of sulfate in the column. However, this is possible due to different calcium removal 
mechanisms during the process494,495. The calcium could be precipitated by phosphate or arsenate, 
which exist in AMD water and was removed by imbedded zirconium oxide nanoparticles496. 
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Figure 5.25 shows the precipitates collected in the sample tubes. The precipitates were washed 
with deionized water for three times before drying in the fume hood. The dried sample was sent for 
an EDX test after coating with carbon. 
 
Figure 5.25 Precipitates washed out from the column and collected in the sample tubes on 
fractional collector. 
5.5.5 Precipitation Properties 
Figure 5.26 shows the EDX spectrum of the dried precipitate. From the spectrum, most of the 
precipitation is barium sulfate. The semi-quantative EDX spectrum shows that 92% of the 
precipitate is barium sulfate, while 5% is strontium sulfate. The percentage of calcium sulfate is 
negligible due to the difference of ionic radius between barium and calcium497. It is worth noting 
that 3% NaCl is detected in the precipitate which is not totally washed away during the rinse498. The 
purity of barium sulfate obtained in this study is higher than that published elsewhere414. 
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Figure 5.26 EDX spectrum of precipitate washed out from the column and collected in the sample 
tubes. The precipitate was washed with DI water, dried in the fume hood, and coated with carbon 
before putting it into the SEM chamber. 
Figure 5.27 shows the SEM photo of the precipitate. From the open literature, at high 
concentration, precipitation is governed by heterogeneous nucleation rather than crystal growth499–
502
. Both the morphology and average size (20 µm) of the barite precipitate is different from what 
was reported elsewhere260,415,503–506. This could be explained by the high TDS of the flowback 
sample. He reported that it takes about 30 min for barite precipitation to reach equilibrium by 
blending flowback water with AMD289. In the experiment, it took less than 10 min to precipitate all 
the barium, and over 90% of the strontium. 
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Figure 5.27 SEM picture of precipitation collected in the sample tube. 
The solid particle size (15 – 20 µm) obtained in this experiment is bigger than that reported from 
other labs289, which could be due to different feed constitution, contact time, and measurement 
methods. 
The precipitation time of direct mixing was also tested with a beaker and centrifuge. Synthesized 
AMD water with 500 mg/L sulfate was added to the flowback sample drop by drop. Figure 5.28 
illustrates that the precipitate was formed immediately after the contact of the two solutions. Thus 
the resin inhibits the formation of precipitates. Within the bed, supersaturation occurs and once the 
liquids released from the resin, precipitates formed and washed out from the top of the reactor. 
A solution with 2000 mg/L of sulfate was prepared to test the precipitation kinetics. 20 mL of 
flowback was mixed with 20 ml of synthesized AMD water. The mixed sample was put on a shaker 
to react for 4 min and then put in the centrifuge at 3000 rpm for 1 min to separate the solids from 
the solution. Precipitate kept forming after 30 min, which proved that the resin bed inhibits the 
formation of precipitate while the resulting high concentration of sulfate will precipitate the divalent 
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in the solution much faster. So the valves and connections are protected from blockage while also 
improving the removal efficiency. 
 
 
Figure 5.28 A photo of precipitate formed in the beaker right after synthesized AMD water is added. 
Figure 5.29 shows the precipitate collected in a sample tube. The precipitate was rinsed with 
deionized water for three times and dried in the fume hood. After drying, the solids were put on an 
aluminum pan and coated with carbon for SEM and EDX analysis. The percentage of barium, 
strontium, and calcium was tested. 
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Figure 5.29 A photo of precipitate collected in the sample tube on the fractional collector. 
The barium sulfate precipitate in the solids was over 95%, while strontium sulfate was less than 
3%. The other mass in the solid phase was dry salt consisting of sodium chloride. The brown color 
in the solid phase was predicted to be iron hydroxide, however, the concentration is too low to be 
detected. 
5.5.6 Precipitation Order 
From previous solid phase analysis, radium was not detected in the precipitate. So an analysis was 
done to examine whether it is not precipitated or if the concentration in the solid phase is too low 
to be detected. 
First, PHREEQC was used to model the precipitation sequence of radium, barium, strontium, and 
calcium. Figure 5.30 shows the result from PHREEQC. Even though the radium sulfate has the 
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lowest solubility product, barium sulfate precipitates first from the solution due to its high 
concentration. Strontium was precipitated second after most of the barium was consumed. Radium 
sulfate was precipitated right after strontium. Then calcium was slowly precipitated after most of 
other divalent ions were gone. The precipitation sequence is as follows: 
Ba2+, Sr2+, Ra2+, Ca2+ 
The residual concentrations become higher as the divalent ions precipitated later while the 
precipitate formed slower. 
 
Figure 5.30 The precipitation sequence in flowback water when adding sulfate modeled by 
PHREEQC. 
The precipitation experiment was also conducted by adding different amounts of sodium sulfate. 
Figure 5.31 shows the residual concentration of barium, strontium, calcium, sulfate, sodium, and 
conductivity. The radium concentration was not analyzed due to the complexity and large quantity 
of samples. The precipitation sequence matched well with the model from PHREEQC. Barium 
precipitates first and the slope of the precipitation curve is steep. The strontium was precipitated 
second, however, the slope of the precipitation curve becomes gentler. The concentration of 
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calcium gently dropped after most of the barium, strontium, and radium were precipitated. The 
concentration of sulfate was undetectable until over 80% strontium was removed from the solution. 
However, addition of sodium sulfate salt will not only add sulfate but also sodium. The sodium 
concentration increased from 2,600 mg/L to 2,800 mg/L after removal of 95% of the barium. It 
increased to 3,200 mg/L after removal of 90% of the strontium. The total sodium concentration 
increased over 1.5 times (4,000 mg/L) after removal of 90% of the calcium. The increased sodium 
concentration of waste streams is posing more and more environmental concern. 
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Figure 5.31 The residual divalent ion concentrations in flowback water after adding different 
amount of sulfate salt into the solution. 
In summary, direct addition of sodium sulfate salt can remove over 90% of the scaling divalent ions 
in the flowback, however, the TDS increased over 1.5 times while the treated water is unacceptable 
for reuse. Furthermore, the large volume of flowback produced in a relatively short time period 
could greatly increase the cost and difficulty for mixing and settling. The precipitation could block 
the valves and connections thus making the system difficult to maintain. 
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In summary, an ion-exchange method to treat flowback water using AMD could be the best option 
because: 
1. The process can remove over 90% of barium, radium, and strontium; 
2. The process does not need any additional chemicals; 
3. The process does not mix flowback with AMD thus there is no volume increase for finished 
water. 
5.6 Sustainability Analysis 
5.6.1 General Procedures 
Figure 5.32 shows the sketch of the self-regenerating ion exchange process to treat shale gas 
flowback using AMD water. First, AMD water was fed through the anion exchanger. Sulfate was 
removed due to the high affinity of sulfate ions over chloride ions. After exhaustion, the anion 
exchanger was fully in the sulfate form. Second, the column was drained and shale gas flowback 
water was passed through. The high TDS will reverse the selectivity of the resin towards sulfate 
and chloride. As a result, sulfate was kicked off and the functional groups of the anion exchanger 
will combine with chloride. However, the sulfate released does not have much access to barium, 
strontium, and radium because the positive charge of the anion exchanger will expel those positive 
divalent ions from going into the resin phase. Precipitation was suppressed and postponed within 
the resin bed. Once the solution goes across the bed, sulfate ions have access to barium, strontium, 
and radium thus forming precipitation quickly. 
As observed during the treatment process, AMD and flowback are separate with each other while 
sulfate in the AMD was replaced with chloride and transferred into flowback to form precipitate. No 
additional chemicals are needed in the process while the treated AMD could be used as fresh water 
resource for drilling and hydraulic fracturing. 
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Figure 5.32 A sketch of the self-regenerating ion exchange process to treat shale gas flowback 
using AMD as a water and sulfate resource. 
One concern of the process is that whether the radioactivity of the precipitate could meet the landfill 
standard and pass the TCLP test. With the measurement of radium concentration in the feed water 
and treated water (Table 5.6), industrial effluent standard could be met by ion exchange 
technology. By adding the same amount of sulfate ions through sulfate salt (Na2SO4), the 
conductivity of the solution was increased while the removal efficiency of barium was similar. 
However, with sulfate salt addition, the effluent radium concentration is 10 times higher while the 
Sr is 2 times higher. To sum up, using ion exchange to treat flowback will not only have the two 
water bodies separated, reduce the cost, use less chemicals and regenerant, but also have a much 
higher removal efficiency. 
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Table 5.6 A comparison of the removal efficiency of divalent ions (Ra, Ba, Sr) in the flowback using 
two treatment technologies. 
 
Raw Sulfate Salt Treated Ion Exchange Treated 
1 2 1 2 1 2 
TDS (mS) 210 212 293 295 160 162 
Ra (pCi/L) 10497.62 9857.41 480.4 242.59 ND 41.92 
Ba (mg/L) 17030 16000 5 2 0.2 0.9 
Sr (mg/L) 6500 6000 1220 1050 500 550 
5.6.2 Cost of Setup 
For a normal scale of flowback treatment plant, the treatment capacity is about 10,000 litter per 
day. Flowback characteristics are shown in Table 5.7. 
Table 5.7 Flowback characteristics in Pennsylvania. 
TDS (mg/L) Ra (pCi/L) Ba (mg/L) Sr (mg/L) Ca (mg/L) 
200,000 10,000 20,000 6000 10,000 
The total amount of resin needed could be calculated by retention time, 
EIo	KPYNI = pPqrJn	KPYNIMPFnZO	VZNI × IWIZP	VZNI = 10,000	T300	NZ × 5	NZ = 167	T 
Where working time is calculated as, 
MPFnZO	VZNI = IF[ZJI	VZNIIF[ZJI	VZNI  IOIIFWZP	VZNI × 24	ℎF 
If the factory is not operating 24 hours a day, working time will change accordingly. 
The production of resin is similar to that of LayneRT, so the price of LayneRT can be used to calculate 
the total cost. For 167 litters of LayneRT with column, the price is about 20,000 USD. 
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5.6.3 Physical Strength 
The physical strength of the selected resin type is good for multiple cycles. Data acquired from a 
Chinese textile company show the life of ion exchanger range from 10 – 20 years. Laboratory 
experiments for five cycles show no difference in both physical appearance and ion exchange 
capacity (Figure 5.33). 
 
Figure 5.33 The outward appearance of apparent HIX-NanoZr and used resin beads after five 
cycles. There is no obvious difference between the two. 
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5.6.4 Resin Fouling 
As discussed above, using an ion exchange method to treat flowback using AMD water is a much 
better option regarding cost, complexity, and sustainability. However, one concern is whether the 
material in such a process will last long enough even if precipitates formed inside the reactor. 
The high concentration of TDS of the flowback will abruptly release large amount of sulfate. The 
high concentration of radium, barium, and strontium could form precipitates immediately under such 
high SI thus clogging the pore structure of resin beads and the reactor. The previous Chapters 
have discussed using different flow rates to prevent precipitation staying inside the column and 
failing the system. However, we cannot confirm that there is no precipitate formed inside the resin 
pores with a limited number of service and regeneration cycles. To examine if the divalent ions 
could precipitate inside the pores and reduce the ion exchange capacity, SEM pictures of the resin 
pore structure were taken while EDX-map was scanned to see if any radium, barium, or strontium 
is detected inside the resin phase. 
Figure 5.34 shows the SEM photo, EDX mapping, and EDX spectrum of the sliced HIX-NanoFe 
resin bead after flowback cycle. The doped iron oxide nanoparticles are a dark blue color. Sulfur 
was detected on the shell of the resin with a light blue color, whose existence is probably due to 
insufficient rinsing. Chlorine was detected evenly in the resin phase which occupied most of the ion 
exchange site. No barium, strontium, or radium peaks were detected both in mapping and in the 
spectrum, which confirmed that no precipitate formed inside the bead. 
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Figure 5.34 SEM picture, EDX-mapping, and EDX-spectrum of sliced HIX-NanoFe after flowback 
cycle. The sliced resin was coated with iridium to eliminate charging issues during electron 
scanning. 
Figure 5.35 shows the regenerated HIX-NanoFe after feeding AMD water. As shown in the EDX-
mapping, iron oxide nanoparticles were not reduced or influenced during either the service cycle 
or the regeneration cycle. Chlorine was undetectable either on mapping or the spectrum. Instead, 
sulfate is occupying all the functional groups. It is worth noting that the sulfur detected on the shell 
after the flowback cycle was washed away after the AMD cycle, which confirms the thought that 
there is dry salt on the surface rather than sulfate precipitates. Still, no barium peaks were detected 
in the resin phase, which further proves that no precipitates formed inside the pore structure during 
either the service cycle or the regeneration cycle. 
However, the life span of the resin bead is limited by its mechanical strength. From an empirical 
perspective, it could last for about 20 years before becoming worn out. Under such circumstances, 
the treatment system is very competitive regarding the cost, operability, removal efficiency, and 
sustainability. 
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Figure 5.35 SEM picture, EDX-mapping, and EDX-spectrum of sliced HIX-NanoFe after AMD 
cycle. Chloride is fully replaced with sulfate while still no barium peaks were detected. 
Figure 5.36 shows the SEM pictures of fresh and used HIX-NanoFe resin. From the pictures, there 
is no precipitate formed inside the structure for both resins, which proves that repeated use of the 
resin will not affect the capacity and removal efficiency of the system. 
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Figure 5.36 SEM picture of fresh HIX-NanoFe (left) and used HIX-NanoFe after 20 cycles of service 
and regeneration. 
 
5.6.4 Cross-Contamination between AMD and Flowback 
The column was drained before passing through the other stream for every cycle. However, the 
high concentration of TDS of flow back water might still contaminant AMD water. Conductivity was 
measured during the transfer from flowback cycle to AMD cycle (Figure 5.37). The conductivity of 
flowback water is about 200 mS, where the conductivity of AMD seems to be zero. However, during 
the AMD cycle, the TDS dropped from 200 mS to the same as AMD water within 2 bed volumes. 
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Such a percentage (1%) for the whole AMD cycle could be neglected after the treated AMD is 
contained in a settling tank before reuse. 
 
Figure 5.37 The conductivity changes during the transfer between flowback cycle and AMD cycle. 
Another concern is whether the residual barium, strontium, and radium ions could be transferred to 
AMD water. The concentration of barium and strontium was measured during the AMD cycle 
(Figure 5.38). There is a strontium residual at the first bed volume of the AMD cycle, and both ions 
are nondetectable during the whole cycle. Radium was not analyzed due to the complexity of the 
test, however, from our PHREEQC analysis, radium should be totally removed under this strontium 
concentration. 
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Figure 5.38 Barium and strontium concentration during AMD cycle. 
5.7 Radioactive Solids Disposal 
5.7.1 Radium Removal Efficiency 
Once the ratio is set, five consecutive cycles were run to confirm consistency of the treatment 
process. Figure 5.39 shows the removal percentage of each divalent ion during each cycle. The 
removal of radium, barium, and strontium was always over 90% while calcium removal is less than 
30%. This is proved to be a very effective technology to treat and reuse flowback water, which after 
scale up, could be applied in the real world. 
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Figure 5.39 The percentage removal of radium, barium, strontium, and calcium using technique 
combine column treatment and external mixing for flowback treatment with AMD water. 
5.7.2 Radioactivity of Sludge 
One of the major concern of solids disposal is the radioactivity concentration in the solids after 
treatment. However, the radium concentration is too low to be detected in the EDX measurement. 
Mass balance was used to calculate the concentration of radium in the precipitate after the ion 
exchange process. As shown in Table 5.8, the radium concentration is 10497.62 pCi/L. After 
treatment, assuming all the radium was removed, the total mas of barium sulfate and strontium 
sulfate is calculated as: 
16270mgL u 137.33 mgmmol × _137.33 mgmmol  96.06 mgmmol`  6570mgL u 87.62 NONNP
× _87.62 NONNP  96.06 NONNP` = 41423	NO/T 
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The total radium removed is 10497.62 pCi/L. Consequently, the radioactivity concentration in the 
solid is 253 pCi/g, which also equal to 9.26 kBq/kg. This concentration is within the acceptable 
range and frequently seen in scales and precipitates in the industry507–513. 
Table 5.8 A comparison of sulfate salt treated flowback and ion exchange treated flowback. 
 
Raw Sulfate Salt Treated Ion Exchange Treated 
1 2 1 2 1 2 
TDS(mS) 210 212 293 295 160 162 
Ra(pCi/L) 10497.62 9857.41 480.4 242.59 ND 41.92 
Ba(mg/L) 17030 16000 5 2 0.2 2 
Sr(mg/L) 6500 6000 920 850 500 550 
5.8 High Purity Barite Recovery 
The high concentration of chloride fed through the anion exchanger in the sulfate form reverses the 
selectivity and abruptly releases a high concentration of sulfate ions into the effluent. Subsequently, 
one column cannot take full advantage of the sulfate ions released within 0.6 bed volume. An 
external mixing process will greatly help the formation of precipitates while consuming over 90% of 
sulfate in the effluent. Figure 5.37 shows the effluent sulfate history during the flowback cycle. The 
highest sulfate concentration detected during the column run could reach over 50,000 mg/L. 
Excessive sulfate was released from the anion exchanger in the first 0.6 bed volume. If by any way 
these sulfate ions could be used, the same volume of flowback with barium over 71,500 mg/L could 
be treated. Consequently, an external mixing process was added after the column treatment. The 
treated effluent is collected in a beaker where the same amount of untreated flowback was put in 
before the pump turned on. As soon as 1.5 bed volumes of flowback was collected, the plug flow 
pump was stopped and the beaker was put on a shaker and mixed for 5 min. Then 30 mL of the 
water was pipetted into a centrifuge tube and centrifuged for 1 min at 2000 rpm. The supernatant 
was taken and measured for radium, barium, and strontium. By controlling the mixing ratio between 
treated and untreated flowback, different ratios of barium versus strontium was controlled in the 
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precipitate. We are able to obtain high purity barium sulfate in the precipitate of over 95% which is 
further confirmed by the EDX-semiquantitive analysis (Figure 5.40). Figure 5.41 shows the 
external mixing process we conducted using a shaker. 
 
Figure 5.40 Sulfate concentration in the effluent during three consecutive runs of HIX-NanoFe. 
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Figure 5.41 An EDX-spectrum of the precipitation obtained during the mixing process and the semi-
quantative analysis result from the measuring system. 
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Figure 5.42 The treated flowback was mixed with untreated stream with a specific ratio to obtain 
high purity barium sulfate. 
However, in a real world application, the recovery of high purity barium sulfate might not be so 
attractive as the complexity of the system increased without much benefit. As a result, this 
technology could be used to remove radium, barium, and strontium from flowback to reuse the 
treated water as fracking fluids. Another set of experiments were conducted to thoroughly remove 
the divalent ions in the flowback. 
Figure 5.43 shows the effluent concentrations of barium, strontium, calcium, and sodium every 0.5 
bed volumes. For the first 0.5 bed volume of treated flowback, all the barium, strontium, and calcium 
were removed with over 60% removal of sodium. Because sodium will not form a precipitate with 
sulfate, the sodium reduction is due to dilution with residual AMD water left in the column. The 
sulfate concentration is over 14,000 mg/L. For the second 0.5 bed volume, the barium was all 
removed along with 50% strontium removal. However, there is no residual sulfate in the effluent. 
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As calcium is not a big concern during this process, we are trying to remove more barium, and 
strontium while using less to precipitate calcium. With calculations and modeling with PHREEQC, 
one bed volume of flowback should be passed through the anion exchanger while 0.5 bed volume 
should be kept untreated and be mixed with the treated stream to fully consume the extra sulfate. 
 
Figure 5.43 The concentrations of barium, strontium, calcium, and sodium in the effluent for every 
0.5 bed volume. 
5.9 Precipitation Modeling with PHREEQC 
Experimental data of divalent ion concentrations were plotted in Figure 5.44 along with the model 
produced with PHREEQC. It shows that barium, strontium and calcium were precipitated and 
separated from the solution. Barium and strontium could be removed over 90% with low sulfate 
residual. However, calcium removal is highly dependent on the concentration of sulfate in the 
solution. So this process is not suitable for calcium removal due to the requirement of sulfate 
concentration in the treated water. 
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Figure 5.44 Precipitation modelling of barium, strontium, and calcium with PHREEQC compared 
with experiment data. It confirms the previous guess that we could able to separate high purity 
barium sulfate precipitation. 
5.10 Cost Comparison with Current Treatment Technology 
A current shale gas flowback treatment company is using a cation exchanger to remove radium, 
barium, and strontium first. After exhaustion, an excess amount of sodium chloride solution is 
passed through to regenerate the reactor and put the column back to the sodium form. The spent 
regenerant with equal normality of Ba2+, Ra2+, and Sr2+ is then precipitated with addition of sodium 
sulfate salt. Then the treated spent regenerant is blended with treated flowback and sent for deep 
well injection. 
There are several disadvantages for such a treatment process widely used for flowback treatment: 
1. The concentration of TDS of flowback is so high that selectivity towards Ba2+, Sr2+, and 
Ra2+ is low, which will increase the volume of the reactor; 
2. An excessive amount of NaCl is used during cation exchanger regeneration, which will 
then be drained into local water systems; 
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3. Sulfate salt is needed for final barium treatment, which will increase the cost while adding 
sodium to treated water. 
Figure 5.45 shows a flowback treatment plant in Williamsport, PA. The green tanks are flowback 
containers transported from shale gas wells in a nearby location. 
 
Figure 5.45 Flowback treatment plant in Williamsport, PA 
The flowback water goes through a pretreatment process to separate oil from the surface before 
being sent to the ion exchange process. Figure 5.46 shows the flowback in the container after oil 
removal. 
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Figure 5.46 Flowback after oil separation process. 
Then the water was fed through ion exchange columns with a high-pressure pump (Figure 5.47). 
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Figure 5.47 High pressure pump to feed flowback through ion exchange process. 
There are six columns which contain over 100 m3 of cation exchange resin (Figure 5.48). The daily 
flowback treatment capacity is 100 m3. 
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Figure 5.48 Ion exchange columns with cation exchanger for barium and strontium removal. 
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After the reactors are exhausted, NaCl was used to regenerate the column (Figure 5.49). Then 
sodium sulfate salt is added to the spent regenerant to precipitate barium and strontium. As 
calculated previously in Chapter 4, over 2 tons of NaCl is used every day for regeneration only. 
Then about 2 tons of Na2SO4 is needed for barium and strontium precipitation. 
 
Figure 5.49 Regenerant container near the ion exchange columns. 
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In summary, the daily operational cost for the current process is about 500 dollars. The total cost 
of the cation exchanger is over 400,000 dollars. The equipment cost is about 2 million dollars. 
However, if the self-regenerating process is applied, the daily operation cost is less than 100 
dollars. The total amount of resin needed is 2000 litters, which has a price of about 23,000 dollars. 
The equipment with much less volume is easy for operation and management, which also reduces 
the total cost to about 100,000 dollars. 
Table 5.9 Cost comparison with current treatment technology. 
 
Current Process Self-Regenerating Process 
Daily Operation Cost (USD) 500 <100 
Equipment Cost (USD) 2 million 100,000 
Resin Cost (USD) 400,000 23,000 
Total (USD) 2.4 million 123,000 
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Chapter 6. Conclusions and Future Work 
People nowadays rely on membrane processes more often as it becomes more and more popular. 
However, reverse osmosis technology is not a panacea. In many cases, ion exchange technology 
is more stable and effective for the treatment of specific water quality contaminants with a much 
lower cost. This study focuses on the application of ion exchange technology in water hardness 
removal and shale gas wastewater reuse. According to the research discussed in the previous 
chapters, the application of reverse osmosis technology in both scenarios has some obvious 
blemishes. Water hardness can form scale on the membrane surface, thus resulting in an increase 
in energy consumption. The membrane needs to be replaced more frequently, thereby increasing 
the cost of operation. For relatively low TDS water, the recovery from the RO process is still 75% 
which shows very low treatment efficiency compared with other water resources. For shale gas 
flowback water, the high TDS component, which is 4-5 times higher than sea water, makes 
membrane technology impractical. However, innovative ion exchange technology makes it possible 
to treat and reuse such water with a much lower cost. 
6.1 Hardness Removal Processes 
A lab-scale study was conducted to evaluate the treatment of water hardness using tri-valent 
aluminum ion as an alternative regenerant for sodium chloride. The major conclusions can be 
summarized as follows: 
1. SAC-Na softening process will consume over 8 equivalents of sodium ions to remove 1 
equivalent of calcium ion. The spent regenerant contains a stoichiometric amount of 
calcium removed during operation and over 7 equivalents of NaCl that will be dumped into 
local water systems. 
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2. SAC-Al softening process will only consume 1 equivalent of aluminum ions to remove 1 
equivalent of calcium ions. The spent regenerant contains no additional sodium but only a 
stoichiometric amount of calcium after the limestone neutralization process. 
3. SAC-Na process will add sodium to softened water, thus increasing the TDS of treated 
water. 
4. SAC-Al process will not add sodium to treated water, thereby minimizing dietary health 
concerns when used for drinking purposes. 
5. Simultaneous aluminum hydroxide precipitation during the SAC-Al process will partially 
remove the alkalinity thus achieving partial desalination. 
6. Both SAC-Na and SAC-Al processes can remove permanent hardness, which shows a 
higher hardness removal efficiency than the lime softening process. 
7. Aluminum (hydr)oxide precipitation formed in the pore structures of the resin reveals high 
affinity for fluoride, phosphate, and silica. 
8. SAC-Al process operates at nearly 100% thermodynamic efficiency. 
9. Aluminum precipitation formed inside the resin will block the pore structure of the resin thus 
affecting the ion exchange capacity. 
10. AlCl3 alone as the regenerant will need over five operation cycles for the system to reach 
steady state. The hardness removal capacity at steady state is significantly reduced. 
11. Acid dosing during regeneration of SAC-Al process can partially dissolve aluminum 
precipitation thus recovering hardness removal capacity. The system will reach steady 
state after two cycles of operation and shows acceptable hardness removal capacity 
afterwards. 
12. Partial desalination during the SAC-Al process can eliminate many advanced treatment 
processes, especially for those water sources whose salinity has barely exceeded the 
standard. 
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13. For practical applications, technological transformation becomes simple because the ion 
exchange resin, the components of ion exchange tanks, and the operating mode are nearly 
unchanged by the traditional SAC-Na process. 
6.2 Co-treatment process for AMD and Flowback 
For high TDS water reuse, an extensive laboratory investigation was carried out with real Marcellus 
shale flowback and acid mine drainage water to evaluate the performance of a reusable, hybrid 
anion exchanger doped with HFO/HZrO nanoparticles. The flowback water after reuse for multiple 
cycles has an extremely high TDS, which leaves only distillation and deep well injection as two 
treatment methods. The high concentration of barium in the flowback will prevent such water to be 
recycled due to the inevitable precipitation of barite in the subsurface when sulfate-containing 
fracking fluids are used. Concentrations of radium, barium, and strontium are strictly regulated in 
the wastewater. The results of the lab-scale tests reveal that sulfate was rapidly removed from the 
liquid phase at high supersaturation with respect to barium sulfate. Sulfate concentration in the 
finished water could be reduced to below 100 mg/L by using the appropriate bypassing ratio 
between treated and untreated flowback. The major conclusions can be summarized as follows: 
1.  Such a hybrid anion exchange process is able to use sulfate in AMD water to remove 
barium, radium, and strontium in Marcellus flowback. 
2. The treated water has no volume increase, which minimize the transportation and disposal 
cost. 
3. The treated water has no sodium addition and the TDS is reduced, which will increase the 
activity of ions therefore achieving higher removal efficiency. 
4. The treated AMD water is simultaneously transferred into a fresh water resource for 
hydraulic fracturing. 
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5. During the treatment of flowback, barium sulfate will start to precipitate first, followed by 
strontium sulfate. Radium sulfate, though it has the lowest solubility product, will start 
precipitating third. 
6. According to the concentration of sulfate of local AMD water, the total amount of treated 
AMD is sufficient to supplement the use for hydrofracking. 
7. When compared with sulfate salt addition, hybrid ion exchange technology has better 
removal efficiency for radium, barium, and strontium. 
8. The whole co-treatment process for both AMD and flowback is sustained without additional 
chemicals. 
9. Any water resource with any sulfate concentration could be used by the process only by 
changing the ratio of resins with different selectivity. 
10. HFO/HZrO nanoparticles doped inside the resin can increase the density of the resin being 
used in high TDS flowback treatment process. 
11. HFO/HZrO nanoparticles loaded inside the resin can selectively remove arsenic, fluoride, 
phosphate, and silica in AMD water, which could be used as an advanced treatment 
process for AMD treatment. 
12. When compared with current flowback treatment processes, the self-regenerating process 
could significantly reduce the volume of resin and operation cost. 
13. Flow rate is one of the most important factors for the process. Excessive flow rate can 
result in poor treatment efficiency, while slow flow rate causes the precipitate to build up in 
the reactor thus causing the reactor to clog. 
14. Radium, barium, and strontium precipitates will not form inside the resin after multiple 
cycles due to the Donnan exclusion effect. The ion exchange capacity will not be influenced 
in the long run. 
15. The solids after crystallization will pass the TCLP test as radium, barium, and strontium are 
mostly removed. 
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16. In practical applications, the reactor can be made portable to be carried by trucks. It can 
collect sulfate at the AMD water source, and then be driven back to the wastewater 
treatment plant to treat the shale gas flowback. 
6.3 Future Work 
6.3.1 On-going Work in China 
The novel hardness removal combined with partial desalination technology has aroused great 
interest from the Chinese government. In Shandong Province alone, the huge amount of industrial 
water usage has had a certain impact on domestic water use, resulting in water shortages. If some 
of the sewage can be properly recycled, the water pressure in Shandong Province will be 
significantly reduced. The major obstacle of reusing sewage water after biological treatment is its 
hardness and salinity. The average TDS from three different wastewater treatment plants is 3200 
ppm, while the hardness is about 300 ppm. Several pilot scale experiments conducted have shown 
good hardness removal, desalination capacity, and reasonable reusability. The treated water has 
a TDS lower than 500 ppm, which will meet the reuse standard for local industries. 
Another pilot-scale experiment will start in May 2018, which will treat over 100 m3 of sewage per 
day. If the experiment is successful, another 30,000 m3/day of the recycling system will be installed 
in the same plant. As from the government report, the amount of sewage with a similar water 
analysis is over 100,000 m3/day. There is no doubt that this technology can significantly reduce the 
water usage pressure in Shandong. 
6.3.2 Potential Use for Phosphate and Silica Removal 
Besides hardness removal, the hybrid cation exchanger after steady state has high selectivity for 
phosphate and silica. Phosphate is a significant concern for the prevention of eutrophication. 
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Multiple other phosphate adsorbents and treatment methods exist, but the hybrid cation exchanger 
shows greater capacity than other adsorbents of certain water chemistries. 
Silica removal from influent water is important to eliminate fouling on heating surfaces and 
membranes. Warm lime softening is one of the standard treatment methods for industrial processes 
but is operationally complex and generates a large volume of sludge for disposal. Currently, there 
are no high efficiency, easy to operate silica removal processes. The hybrid hardness removal 
exchanger may be the first packed-bed option for silica removal. Silica removal did not behave like 
either an ion exchange or sorption process. More research on silica removal will be necessary to 
understand the mechanism behind removal. 
6.3.3 Trace Contaminant Removal in AMD 
Based on the experimental results, both HAIX-NanoFe and HAIX-NanoZr shows considerable 
arsenic, fluoride, and phosphate removal capacity. However, it was not tested if the high TDS will 
regenerate those contaminants during the flowback cycle. Nevertheless, transfer of these 
contaminants into flowback is extremely low as they all form insoluble precipitates with Ba2+, Ra2+, 
and Sr2+. However, if they are not recovered by high TDS, a specific regeneration process is 
needed after exhaustion.  
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Appendix 
 
Figure A.1 Leaking ion concentration using AlCl3 and FeCl3 as regenerant for hardness removal 
processes, respectively. 
 
Figure A.2 Effluent pH using AlCl3 and FeCl3 as regenerant, respectively. 
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Figure A.3 Photos show the hybrid cation exchanger (A) for hardness removal and pH adjust 
column (B). 
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Figure A.4 The fluoride removal during SAC-Al process. 
 
Figure A.5 Effluent pH history of SAC-Al process. 
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Figure A.6 A SEM picture of SAC-Al resin after steady state. 
 
Figure A.7 A SEM picture of parent SAC-Al resin. 
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Figure A.8 Regeneration curve, recovery, and sodium consumption ratio using 5% NaCl as 
regenerant. 
 
Figure A.9 Sodium history of SAC-Al process for 12 consecutive cycles. 
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Figure A.10 Existing adsorbents for fluoride removal. There are bone char, activated alumina (AA), 
hydroxyapatite (HAP), and HAIX-NanoZr. 
 
Figure A.11 A comparison of material strength of exhausted HAP and HAIX-NanoZr. 
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Figure A.12 Capacity comparison of LayneRT and zirconium loaded A850. 
 
Figure A.13 Zirconium content for different materials. 
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Figure A.14 SEM photos of (A) parent micropore anion exchanger; (B) hybrid micropore anion 
exchanger loaded with zirconium oxide nanoparticles; (C) hybrid gel anion exchanger. 
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Figure A.15 A TEM photo of zirconium loaded hybrid anion exchanger. The sized of ZrO2 
nanoparticle is about 20 nm. 
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Figure A.16 A TEM picture shows the ZrO2 nanoparticle sized about 10 nm. 
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Figure A.17 EDX-maps show the element distribution in resin phase after AMD cycle. 
 
Figure A.18 SEM pictures of (A) parent anion exchanger; and (B) zirconium loaded anion 
exchanger. 
258 
 
 
Figure A.19 Resin photos and SEM pictures of (A) parent anion exchanger; (B) zirconium loaded 
anion exchanger; (C) zirconium loaded gel anion exchanger. 
 
Figure A.20 The finished water conductivity and pH will meet the drinking water standard. 
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Figure A.21 SiO2 removal history of HAIX-NanoZr during AMD cycle. 
 
Figure A.22 Zeta potential of parent anion exchanger. 
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Figure A.23 Zeta potential of zirconium loaded anion exchanger. 
 
Figure A.24 Zeta potential and fluoride removal capacity at different pH condition. 
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Figure A.25 Zirconium and activated alumina leaking concentrations at different pH conditions. 
 
Figure A.26 Zirconium leaking concentration under different pH conditions. 
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Figure A.27 Zirconium and fluoride species distribution under different pH conditions. 
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